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Preface 
 
Microphase-separated polymeric materials form a nanometer-scale ordered structure.  The 
microstructure of the polymer has attracted attention as a promising material for the application of 
nanopatterning, preparation of mesoporous polymeric materials and orientation of metal nanoparticles.  
Microphase-separation occurs in the block copolymers, and the block copolymers are prepared by 
controlled/living polymerizations which have the capability to precisely control the chemical structure of 
the polymers.  Microphase-separated polymers can become multifunctional materials by the combination 
of polymers with different characteristics as segments of the block copolymer.  Using the highly 
membrane-formable polymers as one segment, a novel functional polymer membrane will be achieved. 
Functional polymer membranes are often employed in gas separation processes.  Generally, the gas 
permeability and separation efficiency of the membrane depends on the chemical structure of the block 
copolymers.  However, there has been no research about the correlation between the gas permeation and 
the microstructure of the block copolymer.  Moreover, as an efficient gas separation material, the 
“Facilitated transport membrane” has been developed.  The facilitated transport membrane contains a 
carrier molecule, which is fixed in the membrane and binds specific molecules, enhancing the transport of 
specific molecules through the membrane.  However, the facilitated transport membrane has employed 
homopolymers or random copolymers as the polymeric matrices of the carriers.  There has been no report 
of block copolymer-based facilitated transport membranes. 
In this thesis, the author focuses on the microstructures formed in the block copolymer membranes, and 
employed the block copolymer as matrices of the carriers.  The oxygen carrier is localized in one segment 
of the block copolymer for the close location of the oxygen carriers and the construction of oxygen pathway.  
The author investigates the formation and control of the microstructures in the block copolymer-based 
facilitated oxygen transport membranes and its effect on the gas transport characteristics through the 
membrane.  The author reports, for the first time, the preparation of the Nafion membrane containing 
oxygen carriers, which were localized in one domain of the membrane, for oxygen enrichment in polymer 
electrolyte fuel cell.  The author designs and prepares a series of block copolymers, polymer ligands, and 
porphyrin derivatives as an oxygen carrier.  Chapter 1 describes and reviews the preparation and the 
microphase-separated structure of the block copolymer membranes, and gas separation through the polymer 
membranes including the facilitated transport with macromolecular-metal complexes.  Chapters 2-5 
describe the preparation of the microphase-separated membranes in which the oxygen carrier is localized 
and characteristics of the membranes, such as thermophysical properties, ionic conductivity and gas 
transport properties, for the enhancement of facilitated oxygen transport and application of oxygen 
enrichment on the cathode of the fuel cell.  The last chapter summarizes this thesis and proposes the future 
prospects of oxygen separation using polymer membranes.  
 
Masami Shoji 
iv 
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1.1 Introduction 
Gases in the atmosphere are fundamental commodity chemicals.  Over decades, the 
separation and purification process of the gases from the atmosphere have been established 
due to their enormous demand.1,2  For gas separation, cryogenic process or pressure swing 
process separation has been widely employed.  Recently, the gas separation process through 
a polymer membrane has attracted attention focused and been widely investigated, due to its 
lower energy consumption, lower running cost, and more facile procedure than the previous 
processes. 
As one of the most important targets, we have focused on oxygen and nitrogen.  These 
two gases account for almost 100% of the atmosphere, and there is a strong demand for these 
gases.  A number of polymer materials have been investigated for oxygen/nitrogen 
separation.  For typical synthetic polymer materials, there is a negative correlation between 
the oxygen permeability and oxygen/nitrogen permselectivity.3,4  Therefore, the authors’ 
group prepared a polymer membrane containing cobaltporphyrin as a fixed oxygen carrier, 
which selectively facilitates the oxygen transport.1,5,6  Polymer membranes with high oxygen 
permeability and oxygen/nitrogen permselectivity have been achieved.  Through 
investigations, the chemical structure and characteristics of the oxygen carrier and polymer 
ligands have been optimized for enhancement of the oxygen enrichment efficiency.  For 
example, facilitated oxygen transport would be increased with the oxygen carrier content due 
to reduction of the distance between the oxygen carriers.7 
The gas separation efficiency of the polymer membranes was actually enhanced.  
However, the next problem was occurred, i. e. gas permeation rate.  The gas permeation rate 
is estimated by the following eq. (1.1), 
R = P ∆p A l-1       (1.1) 
where R and P are the gas permeation rate and the gas permeability coefficient, respectively.  
A is the permeation area, l is the membrane thickness and ∆p is the partial pressure difference 
between both sides of the membrane.  In the equation, it is clear that the reduction of the 
membrane thickness and increase in the permeation area will enhance the gas permeation rate.  
Actually, our group achieved both submicron-scale thickness and decimeter-scale area for the 
polymer membrane with the oxygen carrier.8  However, the process yield was obviously 
decreased.  The low yield also restricted the oxygen carrier content in the membrane, which 
affected the oxygen enrichment efficiency.  Based on our previous finding, the 
supramolecular approach has been investigated for the oxygen carrier alignment and the 
reduction of the distance between the oxygen carriers.9,10 
In this thesis, the author focused on the microphase separation of block copolymers and 
resulting highly-ordered microstructures.  The copolymers possess two different 
characteristics for each segment derived from their chemical structure.  The block 
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copolymers containing an aromatic amine residue, which could coordinate to the oxygen 
carrier, would form the ligand domain and localize the oxygen carrier in the domain.  
Optimizing the composition of the block copolymer would form a continuous domain with 
the oxygen carrier as the “oxygen pathway”.  Moreover, other segments could also be 
functionalized, such as membrane formability, chemical stability and other molecule 
permeabilities. 
In this chapter, the author summarized the background and recent research related to this 
thesis.  Chapters 1.2 and 1.3 revealed the methodology for the preparation of the block 
copolymer and its microstructure, including the alignment and application of the 
microstructures.  In chapter 1.4, the author described the macromolecule-metal complexes 
including the polymeric oxygen carrier and its applications.  The previous investigations on 
the polymeric materials for gas separations are also described in chapter 1.5. 
In chapter 2, the preparation of poly(vinylpyridine) block copolymers as a targeting block 
copolymer ligand with stepwise controlled/living radical polymerizations is described.  In 
chapter 3, the preparation, characterization and the gas separation properties of the block 
copolymer/cobaltporphyrin complex is summarized.  In chapters 4 and 5, as a 
multifunctional oxygen enrichment membrane, the Nafion membrane containing 
cobaltporphyrins or cobaltphthalocyanines as an oxygen carrier was prepared, and its 
application for oxygen enrichment on the cathode of polymer electrolyte fuel cells. 
 
1.2 Controlled/Living Radical Polymerization 
1.2.1 Control of radical polymerizations by reversible radical generation 
Free radical polymerization is the most fundamental and simple method for the 
preparation of polymeric materials.  Vinyl compounds easily polymerize in the presence of 
active radicals.  During the conventional radical polymerization, the growing radicals are so 
reactive that there are several elementary reactions during the polymerization; i. e., initiation, 
propagation, chain transfer and termination.  Thus, the degree of polymerization of the 
prepared every polymer chains are different, and polydispersity, defined as the ratio of the 
weight average molecular weight to the number average molecular weight, significantly 
increases.   When the polymerization proceeds in the presence of several monomer species, 
the composition, especially the sequence of the monomer units of the prepared polymer 
chains tends to be random.  Furthermore, chain transfer and termination reactions are 
irreversible; hence the obtained polymer chain could never be propagated again.  
Suppression of the side reactions would effectively reduce the value of the polydispersity.  
These side reactions are caused by long-time exposure of reactive growing radicals during the 
polymerization.  If the radicals at the end of the growing polymer chains are exposed within 
a short time, the side reactions could be suppressed.  Furthermore, the propagation rate of 
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each polymer chain becomes similar which causes a decrease in the polydispersity.  There 
have been a number of reports about the radical polymerizations with “dormant” species, 
which could reversibly generate and cap the growing radicals.  The method has produced 
polymers not only with a low polydispersity, but also a chain-extendable “macroinitiator”.  
As mentioned below, this is one of the key methods to prepare the block copolymers. 
 
1.2.2 itroxide-Mediated Radical Polymerization (MRP) 
At the end of the 1980s, Solomon and Rizzardo reported the controlled/living radical 
polymerization using a nitroxylamine (-C-O-N-) group.11,12  The vinyl monomer (e. g., 
styrene), solvent, and initiator was heated in the presence of the stable nitroxide radical, 
2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO).  The generated radical  
 
 
 
 
 
 
 
 
from the initiator reacted with one monomer, followed by the end-capping of the growing 
radical with TEMPO.  However, the nitroxylamine group generates the growing radical 
again by thermal cleavage of the C-O bond.  There is an equilibrium between the active 
radical and the nitroxylamine group (Scheme 1.1).  The apparent propagation rate of the 
polymer decreases, and the degree of polymerization for each polymer chain becomes similar.  
Hawker et al. reported the further investigation of the polymerization, called the 
“Nitroxide-mediated radical polymerization (NMRP)”.13-17 
The TEMPO radical is employed very often for its high stability in air.  Moreover, 
TEMPO is commercially available and simply purified by sublimation.  However, the 
polymerization mediated with TEMPO or its derivatives requires relatively high temperature 
(around 130oC) to generate the growing radicals.  A number of stable nitroxide radicals have 
been synthesized for low temperature NMRP (Chart 1.1).18,19  Non-cyclic nitroxides, such as 
TIPNO (2,2,5-Trimethyl-4-phenyl-3-azahexane-3-oxyl) and DEPN (-tert-Butyl--[1- 
diethylphosphono(2,2-dimethylpropyl) nitroxide are well-known end-capping radicals, which 
cleave at relatively lower temperature than the TEMPO derivatives.  Using DEPN, the 
polymerization could be proceeded at 110oC. 
NMRP is applicable for typical vinyl monomers, such as styrene, acrylate and their 
derivatives (substituted styrenes, vinylpyridines and acrylamides).  However, methacrylate 
O
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Scheme 1.1.  Propagation in nitroxide-mediated radical polymerization (NMRP) 
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monomers are difficult to control because of their disproportionation during the 
polymerization.20,21  In 2007, Bertin et al. reported the NMRP of methyl methacrylate with 
the synthetic nitroxide radical, DPAIO (2,2-diphenyl-3-phenylimino-2,3-dihydroindol-1- 
yloxyl nitroxide).22  Polymerization of the prepared poly(methyl methacrylate) was 
well-controlled with relatively low polydispersity (below 1.4) when the target molecular 
weight was around 40,000.  However, in the higher molecular weight regions, the 
polymerization lost control.  There are only a few reports of the NMRP of methacrylates, 
including some limitations.  Moreover, the vinyl groups at the heteroatoms are also difficult 
to polymerize in a living fashion.  At high reaction temperature, a few monomers with low 
boiling points are polymerized out of control. 
 
1.2.3 Atom Transfer Radical Polymerization (ATRP) 
In 1995, Sawamoto et al. reported the controlled/living radical polymerization in the 
presence of a ruthenium complex.23  Sawamoto focused on the interaction between the 
ruthenium complex and terminal halogen of the other compound.  In the reaction solution, 
the terminal halogen transferred to the ruthenium complex to generate the growing radical.  
However, the reverse reaction (transfer from the ruthenium complex to the end of the starting 
compound) occurred at the same time.  There is an equilibrium, and the equilibrium constant 
is generally low.  The apparent propagation rate then becomes slow, however, the side 
reaction is suppressed due to the end-capping of the radical.  With further investigations, it 
was found that iron or copper complexes also act as an effective controlling agent of the 
radical polymerization.  The halogen atom transfer triggers the polymerization.  The 
polymerizations are called “Atom transfer radical polymerization (ATRP)”.  Matyjaszewski 
et al. developed the halogen/copper catalyst system with various amine ligands.  Nowadays, 
the copper catalyst has become the most popular methodology (Scheme 1.2).24-28 
Chart 1.1. Structure of stable nitroxides for NMRP. 
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A typical catalyst for ATRP consists of the copper (I) halide and multi-dentate amine 
ligands.  Generally, copper (I) chloride or bromide itself are directly employed, however, due 
to lower stability of the copper (I) halide against the atmospheric humidity, there is a case 
using copper (0) powder and copper (II) complex to generate the copper (I) complex in the 
flask.29  As multidentate ligands, a number of amine compounds are synthesized (Chart 1.2) 
and their effect on the polymerization rate investigated.30,31  The polymerization rate depends 
on the chemical structure of the amine ligands.  The inappropriate choice of the amine ligand 
sometimes causes lost of control during the polymerization.  For example, Me6-TREN 
(tris(2-(dimethylamino)ethyl)amine) is one of the amine ligands, which strongly coordinates 
to the copper halide to enhance the polymerization rate.  However, for the ATRP of methyl 
metahcrylate, the polymerization rate is so fast that the obtained polymer indicates high 
polydispersity.32 
Scheme 1.2.  Atom transfer radical polymerization (ATRP) with transition metal catalysts. 
X
RR RR
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Chart 1.2.  Structure of multidentate amine ligands for ATRP. 
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ATRP is an important method due to the polymerization capability of the methacrylate 
monomers.  Moreover, the polymerization proceeds under relatively low temperature 
conditions.  In most of the previous reports, the polymerization temperature was below 
100oC.  Though the apparent propagation rate would be slow, atom transfer could occur at 
ambient temperature.  Thus, the monomers with a low boiling point, e. g., acrylonitrile 
(78oC)33 or though vinyl chloride (-14oC)34, could be polymerized in a living fashion by ATRP.  
Different than other controlled/living radical polymerizations, ATRP requires the chemical 
structure of the initiator to only have a halogen atom.  With appropriate modification 
(halogenation) on the surface of a substrate, the polymerization directly proceeds from the 
substrate, which results in the dense surface-modification by functional polymers.35,36 
ATRP proceeds under relatively mild conditions due to the use of metal catalysts; 
however, there is the possibility of product contamination by metal ions.  Matyjaszewski et 
al. reported that ion exchange resins can effectively remove the copper catalyst,37 however, 
the application of ATRP is sometimes restricted.  Moreover, some monomers could directly 
coordinate to the catalyst, which drastically deactivates the catalytic performance.  For 
example, vinylpyridines have chemical structure very similar to amine ligands.  The 
monomers themselves would coordinate to the copper catalyst and prevent the control of the 
polymerization, unless the appropriate amine ligand was used.  The ATRP of 4-vinylpyridine 
was only succeeded in the case with Me6-TREN as the strongly-coordinating amine 
ligand.38,39 
 
1.2.4 Reversible Addition-Fragmentation chain Transfer (RAFT) polymerization 
In 1998, Thang et al. in CSIRO, Australia, reported the polymerization of styrenes or 
methacrylates in the presence of a dithioester.40  With the addition of dithioester, the 
propagation rate constant decreased, which resulted in the controlled/living radical type of 
polymerization.40,41  The mechanism of the initiation and activation process during the 
polymerization is shown in Scheme 1.3. 
 
 
 
 
 
 
 
 
 
 
In
S
R'
S
R
In S
R'
S
In R+
In M
M(monomer)
S
Ph
S
R
S
R'
S
R
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R'
S
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M
M
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(In  :Initiator-derived radical)
Scheme 1.3.  Initiation reaction in reverse addition-fragmentation chain transfer (RAFT) polymerization 
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In the beginning of the polymerization, a conventional initiator produces the radical in the 
same way as the typical free-radical polymerization.  Some radicals react with monomers 
(propagation); the growing radicals or initiator-derived radicals react with the dithioester.  
By the “Addition” of radicals to the dithioester, the intermediate carbon radical would be 
generated.  The R or In/In-M groups would then be released (“Fragmentation”) as another 
growing radical to regenerate the dithioester.  The preference of the leaving groups is 
dependent on the stability of the generated radical and/or dithioesters and the reaction 
conditions.  Through the reaction with the dithioester, the growing radical would shift to 
another group (“chain Transfer”), however, different from the free-radical polymerizations, 
the original growing radical would be regenerated.  The generated radicals would propagate 
the chains and again react with the dithioesters.  Through the addition-fragmentation-chain 
transfer cycles, the polymer is slowly prepared but the structure was well-controlled.  Due to 
the effect on the polymerization, the dithioester derivatives are called the “Chain transfer 
agent (CTA)”.  The chemical structures of the typical CTA are shown in Chart 1.3.  Unlike 
other controlled/living radical polymerizations (NMRP and ATRP), unfortunately, most CTAs 
are not commercially available; the CTA must be synthesized before the RAFT 
polymerization.  Generally, the Grignard reaction, which required highly inert and dry 
conditions, was employed for the CTA synthesis.42,43  However, some of the CTAs are 
synthesized by the simple reaction of an aryl (or alkyl) halide and sulfur under basic 
conditions.44  With the same reaction using carbon disulfide as the sulfur atom source instead 
of sulfur itself, trithiocarbonates are synthesized in a facile manner.45 
 
 
 
 
 
 
 
 
 
 
The chemical properties of the CTAs are tunable based on the substituents (R and R’ 
groups).46,47  The structures of the CTA indicated that quite wide range of monomers is 
applicable for the RAFT polymerization, e. g., water-soluble monomers, salts, and some 
acidic monomers.  Moreover “nonconjugated vinyl monomers”, in which the vinyl group is 
bonded to the heteroatom of the monomers, such as vinyl acetate48 or -vinylimidazole,49 are 
also polymerizable in a living fashion by the RAFT polymerization.  The chemical structures 
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Chart 1.3.  Structure of chain transfer agents for RAFT polymerization. 
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of the monomers hardly affect or prevent the polymerization process.  However, there are a 
number of equilibriums in the process as shown in Scheme 1.3, so that the polymerization 
conditions should be more carefully chosen than the other polymerizations.  As mentioned 
above, there is a multiple possible structure of the generated radical from the CTA-bonded 
intermediate.  Specifically, the substituent (R or R’) should be carefully chosen, otherwise, 
the polymerization proceeds without any control.   
 
1.2.5 Controlled/living radical polymerizations for the preparation of block copolymers 
There have been a number of reports about the preparation of block copolymers.  In 
most of the reports, the block copolymers are prepared via living polymerizations.  Before 
the discovery of the controlled/living radical polymerizations, ionic polymerizations were 
mainly employed.50-52  Under the strictly degassed and dried conditions, the polymerization 
proceeds in a living fashion to give the well-controlled polymers with almost the same 
molecular weights as initially calculated.  After a sufficient time for completing the 
polymerization of the first monomer, the continuous addition of other monomers into the 
reaction solution gives the block copolymer.  During the anionic polymerization, the 
procedure should be in onepot due to the deactivation of dormant species by humidity and 
oxygen.  During the anionic polymerization, the “macroinitiator” could never be obtained. 
Recently, controlled/living radical polymerizations are also popular for the preparation of 
block copolymers, for it is an easier procedure compared to the anionic polymerization.52,53  
Through the controlled/living radical polymerizations, macroinitiators are easily obtained 
when the polymerizations are quenched in the appropriate time and manner.  Although the 
polymerization is controlled, a prolonged reaction would cause the irreversible termination.  
The first polymerization should be quenched earlier to prevent deactivation of the 
macroinitiators.  Moreover, the reaction should be completely quenched before the 
purification process.  The NMRP and RAFT polymerization requires (thermal) energy for 
the growing radical generation; hence simple cooling quenches these polymerizations and 
produces the dormant species.  In contrast, ATRP sometimes occurs at ambient temperature.  
To quench the ATRP, the copper catalyst should be removed before the purification process, 
unless the activity of the obtained polymer chain end would be lost by the irreversible 
quenching. 
Although being prepared in a correct manner, not all macroinitiators give the desired 
block copolymers due to the difference in the reactivity of the corresponding radicals.  
Matyjaszewski et al. reported an example of the ATRP using methacrylate and acrylate.54  
The structural difference, the substituent (methyl or hydrogen) on the radical-bearing carbon, 
affects the reactivity of the growing radical.  The methacrylate-terminated macroinitiator 
allowed the polymerization of the acrylate with high initiation efficiency caused by relatively 
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high reactivity of the methacryl radicals.  In contrast, the acrylate-terminated macroinitiator 
indicated the poor initiation efficiency, which was evidenced by the bimodal SEC trace of the 
product.  Some of the acrylate-terminal exactly initiated the ATRP of the methacrylate 
monomers.  However, before the complete initiation of the macroinitiator chain ends, the 
copper catalyst preferentially acted at the newly-propagated methacrylate chain end.  Thus, 
some macroinitiators remained without any chain extension.  During the RAFT 
polymerization, the reactivity of the radicals also affects the preparation of the block 
copolymers.  Before the polymerization, CTA structure should be well-designed with 
consideration of the leaving group and the reactivity of the mactoinitiators.46,47 
Employing the stepwise controlled/living radical polymerizations, there are two important 
factors which should be considered in the molecular (polymer) design step; the range of the 
applicable monomer and the “compatibility of the monomers”.  There are some 
compositions possessing difficulties in the preparation of the stepwise controlled/living 
radical polymerizations.  As an effective method for expansion of the composition of the 
block copolymers, multifunctional initiators have been investigated.55  Every polymerization 
requires a specific chemical structure for the initiators; nitroxides or nitroxylamine for NMRP, 
halogenated compounds for ATRP, dithioester derivatives for RAFT polymerization.  For 
example, the halogen-terminated nitroxylamine would act as the initiator for both ATRP and 
NMRP.56  A number of multifunctional initiators had been synthesized as shown in Chart 
1.4.56-60  ATRP tends to be combined with other polymerizations due to its specific 
conditions, e. g., acceptability of lower temperature conditions and good control of the 
methacrylic monomers.  The initiators applicable for the ATRP-NMRP system (Chart 1.4 
(a),(b)) are often employed for the preparation of the methacrylate-based block copolymer.  
In initiator (a) the phenyl ring could be modified with various groups (A), hence sometimes 
the (a) type of initiator would be applied as a surface modification of the Si substrates.57  
Initiator (b) can be simply prepared by one-step reaction; however, the order of the 
polymerizations was limited due to the bare nitroxide radical.  The initiator for the 
ATRP-RAFT system (Chart 1.4 (c)) is used in a more specific monomer combination.  
However, the initiator has a significant potential as a combining agent of the polymer chains 
from conjugated and nonconjugated monomers. 
 
 
 
 
 
 
 
Chart 1.4.  Multifunctional initiators for ATRP-NMRP (a,b) and ATRP-RAFT (c) 
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1.3 Microphase-Separation in Block Copolymers 
1.3.1 Morphologies of block copolymer 
Between two molecules which have different polarities, there is a repulsive force.  
Sometimes the repulsive force causes a phase separation.  The phase separation is often 
observed in the solution state, as in the correlation between water and organic solvents, such 
as alkanes or benzene derivatives.  Moreover, a phase separation also occurs in the solid 
state.  When hydrophobic and hydrophilic polymers are blended, a phase separation is 
observed in electron microscopic image due to their poor miscibility.  In the case of a 
polymer blend, the domain size of the phase-separated structure is on micrometer scale.  In 
polymer blend, same polymer chains assemble to form relatively larger domains.  The block 
copolymer, combined these two different polymer species in one molecule, exhibits a 
different behavior, called “microphase-separation”.61-65  The different characteristics of the 
combined polymer segments inhibit the formation of larger domains.  The domain size in 
block copolymers are generally on nanometer scale. 
The microstructures formed in block copolymers are shown in Fig. 1.1.64,65  Although in 
the most simple case, the AB-type diblock copolymers, the structures are separated into major 
4 types; i. e., “Sphere” “Cylinder” “Gyroid” and “Lamellar”.  In the case of the ABC-type 
triblock copolymers, more than 10 types of microstructures have been reported.  The shape 
of the microstructures strongly depends on the composition and pretreatment of the block 
copolymer (vide infra).  However, block copolymers sometimes form no ordered 
microstructure.  For example, the block copolymers with a low molecular weight (e. g., less 
than 10,000) show disordered structure in the electron microscopic image.  The composition, 
especially the molecular weight of a block copolymer, also affects the occurrence of the 
microphase-separation.  The phase diagram for typical AB-type copolymers is shown in Fig. 
1.2.  The X axis is the volumetric fraction of one monomer in a polymer chain, while the Y 
axis is the χ (where  is the degree of polymerization and χ is the Flory-Huggins interaction 
parameter characterizing the miscibility of the A and B monomers).  The χ value tends to be 
high when the homopolymers A and B are immiscible.  The same fractions of the A and B 
segments are preferred for the occurrence of microphase-separation, and the structure would 
be lamellar.  With an increase or decrease in the A fraction in the block copolymer, 
preference of the microstructure changes to gyroid, cylinder and sphere.  However at the 
same time, the microphase-separation requires a greater degree of polymerization or higher 
Flory-Huggins interaction parameter, which is found in the transition line between the 
disordered-spheric structures. 
As mentioned above, the microphase-separation is triggered by some repulsive force.  
Thus, the preference for the microphase-separation depends on the monomer species in the 
block copolymer.  For example, amphiphilic block copolymer, such as poly(styrene-b-  
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Figure 1.1.  Schematic representation of icrophase separated structures found in diblock and 
triblock copolymers. 
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Figure 1.2  Phase diagram for AB-type diblock copolymer.  Dashed lines denote extrapolated phase 
boundaries, and the dot denotes the mean-field critical point.  L, G, C, S and CPS are representing 
lamellar, gyroid, cylinder, sphere and closed-packing sphere, respectively. 
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vinylpyridine), have been often employed due to their low miscibility indicated by the high 
χ value.66 
 
1.3.2 Conditions for the microphase-separation 
As mentioned above, block copolymers form the microstructure.  However, for the 
microphase-separation to occur, the process requires some specific conditions, because the 
microstructure is one of the most stable states for each chain of the block copolymers.  
Through the simple following processes: dissolution of the block copolymers in the 
appropriate solvent, casting on a substrate, and removal of solvent; the block copolymer 
membrane would be actually obtained in a relatively short time.  However, in the electron 
microscopic images, sometimes one could not find any microstructure.  If any were present, 
only unclear microphase-separation images were found. 
For the microphase-separation, the block copolymers should be “annealed” to produce 
flexibility for every polymer chain and enough time to reform the most stable structure.  
There are two types of annealing; i. e., thermal annealing and solvent vapor annealing.  
Thermal annealing is relatively simple, because the condition is easily determined as a 
slightly higher temperature than the glass transition temperatures of all segments in the block 
copolymer.  Above the glass transition temperature, the flexibility of the polymer chains is 
drastically enhanced.  The polymer chains begin to reform stable structure, hence the 
microstructure in the block copolymer (membrane) becomes clarified after the thermal 
annealing process.  However, the annealing temperature tends to be relatively high.  For 
example, for the block copolymer containing poly(styrene) segment, the temperature should 
be above at least 100oC.  Furthermore, at the same time, the annealing temperature should be 
lower than the decomposition temperature of all segments in the block copolymer.  Some 
copolymers are restricted due to their glass transition and decomposition temperatures.  
Moreover, irreversible thermal reactions should be also considered for some polymers.  
Block copolymers containing poly(acrylonitrile) should be annealed at relatively low 
temperature due to thermal cyclization of the poly(acrylonitrile) which proceeds around 
180oC.  In contrast, the solvent vapor annealing proceeds at ambient temperature.  As a 
typical procedure, membranes are kept in the closed jar or petri dish with a sufficient amount 
of the annealing solvent.  The evaporated solvent fills the jar, and the solvent vapor 
penetrates into block copolymer membrane.  The membrane then swells due to the solvent 
vapor, increasing the polymer chain mobility similar to the heated membrane above the glass 
transition temperature.  After a sufficient time, the annealing is quenched by opening the jar.  
Generally, a common solvent for the A and B homopolymers is employed as the annealing 
solvent.  However, there have been some reports of solvent vapor annealing with selective 
solvents.  Ober et al. reported the microphase-separation on poly(α-methylstyrene-b-4- 
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hydroxystyrene) through solvent vapor annealing using various kinds of solvents.67  The 
morphology in the polymer membrane drastically changed with the type of solvent for 
annealing.  The block copolymer formed a cylindrical structure with common 
(non-selective) solvent and a spherical structure with selective solvent.  The mechanism for 
the different microphase-formations was explained by their phase diagram.   The molecules 
of the common solvent penetrate into both segments of the block copolymer, hence the 
monomer fraction hardly changed.  In contrast, the molecules of selective solvents penetrate 
into only one segment.  The selectivity caused the monomer fraction change which 
influenced the microstructure.   
 
1.3.3 Control of the microstructure 
Block copolymer membranes form microstructures as the most stable state through an 
appropriate process.  As far as the structure type, the desired microphase-separation would 
be formed by a relatively facile process.  However, considering the direction of the structure, 
additional conditions are required.  For example, a lamellar structure could be formed either 
parallel or normal to the substrate.  The direction is affected by the total free energy of the 
system.  Generally, the lamellar structure tends to be parallel to the substrate due to 
minimization of the surface free energy between the substrate and block copolymer.  
However, for applications, such as separation and molecule alignment (vide infra), 
perpendicular phase-separation is preferable.  For the orientation of the microstructure, some 
methods have been reported. 
Amundson and Smith reported the control of the microstructure direction by annealing 
the block copolymer membrane by electric field application.68  The electric field enhances 
the total free energy of the membrane and generates a local disorder in the microstructure.   
 
 
 
 
 
 
 
 
 
 
 
 
 
Annealed for 9 h Annealed for 16 h
Copolymer
Si
Epoxy
substrate
Electric
field
direction
Figure 1.3.  Cross-sectional TEM images of 700 nm poly(styrene-b-methyl methacrylate) films after 
annealing at 185 oC under a 40 V/µm electric field.  Mw = 1.2 x 10
5, Mw/Mn = 1.05 with polystyrene 
volume fraction = 0.72.  Scale bar = 100 nm. 
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The different microstructure forms from the local disorder point as the nuclear to the 
produce a new minimum free energy state.  Generally, the direction of microstructure is 
parallel to the applied electric field.  For example, in the membrane sandwiched between two 
electrodes and applied the electric field, the lamellar or cylindrical structure forms normal to 
the substrates (Fig. 1.3).69  Nowadays, the electric field application has become one of the 
popular methods for the orientation of microstructures.  For the rearrangement of structure, it 
requires relatively strong electric field; around tens of volts per 1 µm thickness.70-72  This 
method is often applied for the block copolymer containing mesogenic groups, which is 
responsive to electric field.73 
Hashimoto et al. investigated the facile methods for the formation of microstructure 
perpendicular to the substrate focusing on two points; the annealing area74 and roughness of 
the substrate75.  Generally, for the annealing process, all of the block copolymer membrane 
area is heated at the same time above their glass transition temperature.  Thus, the block 
copolymers tend to form a microstructure parallel to the substrate.  Hashimoto proposed the 
“zone-heating method”, which induces a local microphase-separation.76  A slow enough 
moving of the heating zone suppresses the multiple nucleation of the microphase, which 
induces a macroscopic disorder (grain formation).  In previous reports, one end of the block 
copolymer membrane is attached to boundary surface (e. g., glass substrate) for the 
microphase-orientation.  The zone-heating is then started from the boundary surface, which 
results in a microstructure normal to the membrane (parallel to the boundary surface).  After 
long zone-heating, the block copolymer membrane is finally a perpendicular microstructure 
that was obtained without any macroscopic disorder (Fig. 1.4).74   
 
 
 
 
 
 
 
 
 
 
 
 
As noted above, the substrate, especially, the surface free energy between the substrate 
and block copolymer membranes, affects the microstructure including their direction.  With 
a flat (low roughness) substrate, the microstructure tends to be parallel to the substrate for 
(a) (b)
Figure 1.4.  Schematic images of the zone-heating process on the thermal annealing of block 
copolymer membranes.  (a) Details of the apparatus and (b) Ordering the microstructure in the block 
copolymer membrane on the zone-heating process.  Glass substrate attached at the one end of 
membrane orients the microstructure. 
Chapter 1 
- 16 - 
minimizing the free energy.  Hashimoto has prepared a block copolymer membrane on a 
rough ITO substrate and found the dependence of the microphase structure on the roughness 
of the substrate.75  On a rough substrate, the free volume would be the lowest when the 
lamellar structure is perpendicular to the substrate.  Although there are some limitations for 
the membrane preparation conditions, such as membrane thickness, the perpendicularly- 
ordered structure would be formed without only further special procedures. 
There have been some investigations on the effect of surface modification of the 
substrates to control the orientation of the microstructures.  The surface modification method, 
called “surface neutralization”, had been often employed for the silicon using silane coupling 
agents.77  However, the method is based on specific reactions, so that their application is 
quite limited.  For establishment of a novel surface modifier which is useful for all substrates, 
Russell et al. reported the surface modification with a random copolymer.78  The 
composition of the random copolymer was almost the same as the target block copolymer.  
However, of course, the solubility of these random and block copolymers should be similar.  
To prevent the dissolution of the surface modifier during the formation of the block 
copolymer membrane, Russell proposed the loading of a cross-linkable residue to reduce the 
solubility after the surface modifications.  They focused on the dimerization of 
benzocyclobutane by thermal treatment or generation of a reactive nitrene by UV irradiation 
of azido groups (Scheme 1.4).78-80  The block copolymers containing a cross-linkable residue 
of only around 3 mol % could be insoluble after the appropriate treatment.  Moreover, the 
microstructure of the block copolymer membranes prepared on the modified cross-linked 
polymer changes into a the perpendicular structure.81  For the surface modification, the 
required thickness of the cross-linked polymer layer is quite thin, around 10 nm.82  Using the 
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cross-linkable polymer modification techniques, there is no limitation on the substrate for the 
block copolymer membranes. 
As for other methodologies without any dependence on the substrates, some researchers 
have focused on the self-assembly of liquid crystal molecules.83  The mesogenic groups 
loaded into the polymer chains tend to align the same as low molecular mesogens.  Iyoda et 
al. reported the well-ordered microphase-separation using block copolymers containing an 
azobenzene-substituted poly(methacrylate) segment.84-86  They aimed at “highly reliable 
microphase-separated materials”, which involved forming ordered microstructures extending 
to the micrometer-scale size.  The polymers form a cylindrical structure with 
nanometer-scale diameter, however, perpendicular to substrate (Fig. 1.5(a)).   
The alignable molecules such as large aspect ratio ones bound to the block copolymer 
chains by hydrogen bonds also form the microstructure (Fig. 1.5(b)).  Ikkala et al. reported 
hydrogen bonding between poly(4-vinylpyridine) and phenol derivatives with a long alkyl  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.5.  Mesogen-induced microstructure of block copolymers.  The structures and its schematic 
and TEM images of (a) block copolymers containing mesogens (azobenzene residue) in the main chain 
and (b) block copolymers with hydrogen-bonded mesogens (phenol derivatives).  
O
O
Br
O
O O
N
N
CN
114 60
5
(a)
H O
HO
HO
O
O
O
O
O
O
OC10H21
OC10H21
OC10H21
N
1-n
n
(b)
Chapter 1 
- 18 - 
chain (e. g., pentadecyl phenol) for the microphase-separation of pyridine-containing block 
copolymers.87-89  The alignment of the long alkyl chain induced the highly-ordered 
cylindrical structure on the block copolymers.  In the electron microscopic image, the 
small-scale ordered layer was found in one segment of a wider lamellar structure.  The 
preparation of ordered nanoscale pores on the block copolymers have been also achieved by 
the facile elimination of the hydrogen bonds.  Hsiao et al. reported the 
microphase-separation of poly(vinylpyridine) block copolymers with hydrogen-bonded 
mesogens.  They focused on the hydrogen bonding between the pyridine residue of the block 
copolymer and hydroxyl-terminated mesogens, which consist of a π-conjugated rigid structure.  
Of course, the poly(vinylpyridine) block copolymer itself forms the microstructure, however, 
loaded mesogens induce the other alignment in the block copolymer for the structural change 
during microphase-separation.  This change depended on the loaded amount of mesogens in 
the block copolymer.  In both methods reported by Iyoda and Ikkara, the microstructure of 
the block copolymer does not depend on the substrates.  The polymers have an intrinsic 
driving force for the orientation of the microstructure by the mesogens. 
 
1.3.4 Applications of microphase-separated polymer materials 
As noted above, microphase-separation techniques using block copolymers enable the 
highly-ordered structure on a nanometer scale.  Microphase-separation could play a role in 
the bottom-up process in nanotechnology.  Some researchers have reported the application of 
microphase-separated polymer materials for nano-fabrications. 
The well-ordered nanoscale structure of block copolymer is able to be regarded as the 
nanoscale pattern.  By tuning the chemical structure of the block copolymer, one of the 
segments can be selectively decomposed.  Hence, there have been a number of reports about 
the application of block copolymers for nanolithography.  After the preparation of a 
microphase-separated block copolymer thin membrane on a substrate, the reactive ion etching 
(RIE) process selectively decomposes one segment, followed by the substrate etching.  
Finally, removal of the remaining segment of the block copolymer membrane produces the 
nanopatterned substrates.90-92  By changing the order of the procedure, both negative and 
positive lithography is achieved with the same block copolymers.  In the case of 
poly(styrene-b-butadiene) with a spherical microstructure, selective decomposition by 
ozonation of poly(butadiene) phase before the RIE process results in nanohole formation on 
the substrates.  In contrast, with selective osmium deposition in the poly(butadiene) phases 
before the RIE, the phase would remain to prepare nanodots on the substrate (Fig. 1.6). 
Removal of one segment on the block copolymer after the microstructures results in 
nanoporous materials.  Hillmyer et al. reported the preparation of nanoporous materials with 
the block copolymers containing degradable chains such as poly(methyl methacrylate) or 
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poly(lactide).93,94  The poly(methyl methacrylate) chain would be etched by UV 
irradiation, while the poly(lactide) main chain would be cleaved by thermal treatment.  
Hillmyer prepared the poly(styrene-b-lactide) membrane which forms a cyrindrical 
microstructure.  After thermal treatment (between the Tgs of polystyrene and polylactide), 
the poly(lactide) segment is selectively degraded, which results in the nanoporous polystyrene 
membrane.  The selective degradation methodology is applicable for any multiblock 
copolymers containing poly(lactide) segment.  The poly(lactide)-containing triblock 
copolymers could be form the nanoporous polymer materials, in which the inside surface of 
the pores are modified by polymer brushes derived from the starting triblock copolymers (Fig. 
1.7).94  Application of nanoporous polymer materials as a template for electrochemical 
deposition to prepare a nanoporous metal oxide (e. g. TiO2) have also been investigated.  The 
microstructure of the nanoporous metal oxide depended on the structure of the block 
copolymers.93,95,96 
In the block copolymers, there are several phases with different chemical properties.  
For example, the block copolymer consists of poly(styrene-b-ethylene oxide), and the phases 
formed in the block copolymer membranes would be hydrophilic (polyethylene glycol) and 
hydrophobic (polystyrene).  The difference in the chemical properties among the block 
copolymer segments could trigger the localization of additives. 
 
 
 
 
 
 
 
 
 
Figure 1.6.  Nanofabrication of silicon nitride with poly(styrene-b-butadiene) (PS-b-PB) copolymer. 
Figure 1.7.  Example of the preparation of nanoporous materials using microphase-separated block 
copolymers. 
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Hawker and Kramer have established the driving force of localization by the use of 
polymer-modified gold nanoparticles.97  The gold nanoparticles modified with poly(styrene) 
or poly(2-vinylpyridine) were loaded into the poly(styrene-b-2-vinylpyridine) membrane.  
For minimization of the adsorption energy, the nanoparticles tended to locate in one segment, 
which consisted of the same polymer as the nanoparticle modifying one.  The particles with 
an insufficient modification, in other words, a low modification density tended to locate at the 
boundary of the two segments.  The localization of additives is dependent on the chemical 
properties, which determine the energy on the boundary.  Iyoda et al. reported the application 
of the block copolymer, which consisted of hydrophilic poly(ethylene oxide) and hydrophobic 
poly(methacrylate) derivative, as a nanoscale template for the preparation of metal 
nanoparticles.98  The block copolymer with a cylindrical microstructure was treated with 
silver nitrate to selectively localize the silver cation in the poly(ethylene oxide).  After 
UV-light treatment, photoreduction of the silver cation and photoetching of the polymer 
template resulted in the preparation of silver nanoparticles.  
 
1.4 Macromolecule-Metal Complexes 
1.4.1 Macromolecule-Metal Complexes 
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In complex chemistry, a number of organic compounds consisting of several heteroatoms 
are employed as ligands.  The polymers containing such molecules at the side or end of the 
chain also coordinate with metal ions (Chart 1.5).  A number of polymer complexes have 
been investigated as functional materials, which has enough mechanical strength and 
processability similar to conventional polymeric materials with catalytic, electrochemical and 
optical properties derived from the metal complex.99  Generally, transition metals are 
coordinated with the side groups in the polymer complexes, however, some polymer 
complexes contains metal ions in the main chain of the polymers.   
 
1.4.2 Oxygen-binding of macromolecule-metal complex 
Fundamentally, some polymer complexes exist in a living body playing an important role 
in sustaining life.  For example, hemoglobin acts as an oxygen carrier in our blood, which 
contains ironporphyrins.  In hemoglobin, ironporphyrins are coordinated with the histidine 
unit in the heme proteins, which contain an imidazolyl group and act as an axial ligand of the 
ironporphyrins.  Imitating their structure, application of a polymer complex as artificial 
oxygen carrier has been investigated since the 1970s.100-102  In the beginning, ironporphyrins 
and low molecular ligands were employed, and in the 1980s, Tsuchida et al. developed a 
polymeric complex that consisted of an aromatic amine polymer and cobaltporphyrins.103  
Tsuchida reported that the cobaltporphyrins coordinated axially with the poly(vinylpyridine)s 
or poly(vinylimidazole)s and also interact with oxygen reversibly.  The elementary reactions 
between the cobaltporphyrins, polymer ligands and oxygen are shown in Scheme 1.5. 
 
 
 
 
 
 
As shown in Scheme 1.5, first CoP coordinates with the ligand (L) (I), and then the 
CoP-L complex can bind oxygen reversibly (II).  However, CoPs are sometimes dimerized 
followed by irreversible oxidation of the cobalt center (III).  Otherwise, in the presence of a 
proton source, the oxygen-binding CoP is also oxidized irreversibly (IV).  CoIIIP is no longer 
capable of oxygen binding.  When low molecular ligands are employed, CoPs are easily 
oxidized due to a relatively high molecular mobility.  These oxidation processes could be 
suppressed by using polymer ligands; due to the limitation of the molecular mobility, 
suppressing the dimerization of the cobaltporphyrins with one oxygen molecule, and the 
hydrophobic atmosphere constructed by the hydrophobic polymer chains suppresses the 
oxidation by water.  Moreover, polymeric cobaltporphyrin complexes could be prepared as a 
Scheme 1.5.  Elementary reactions of cobaltporphyrin 
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membrane, thus maintaining their oxygen binding characteristics in the solid state.  Tsuchida 
and Nishide have investigated its application as an oxygen enrichment membrane (vide infla). 
The polymeric ironporphyrin and poly(ethyleneimine)-cobalt complexes have been also 
reported as oxygen binding materials.  Their oxygen binding characteristics are strongly 
dependent on the metal species and complex structure.  The oxygen binding reaction is 
known as an equilibrium reaction, hence the kinetic parameters of the reaction have been 
evaluated by spectroscopic measurements.  Especially, the inverse of the equilibrium 
constant K-1 is employed as an oxygen binding affinity for the assessment of complexes.  
The physical properties for the reversible oxygen binding of the polymer complexes are 
shown in Fig. 1.8.1,8,104-106 
Generally, ironporphyrins tend to have a higher oxygen affinity than that of the cobalt 
complexes.  From the view point of the chemical structure, the porphyrins with a cavity on 
one surface (e. g., Picket fence porphyrin, CoTpivPP) indicated a relatively higher oxygen 
binding affinity.  The oxygen molecule is stably bound to the porphyrin in the hydrophobic 
cavity, where the oxygen is protected from the factors causing irreversible oxidation.  The 
oxygen binding affinity increases with the stability of the bound oxygen. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.8.  Chemical structure and its oxygen binding affinity of the transition metal complexes.  
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1.4.3 Other applications of macromolecule-metal complex 
In addition, a number of macromolecular-metal complexes have been prepared and their 
applications investigated (Fig. 1.9).  Kang et al. prepared the silver or copper complexes 
with polymer ligands containing carbonyl groups.107  The silver- or copper-carbonyl 
complexes coordinate with the C-C double bond of the olefins selectively.  This selective 
coordination would also occur in the membrane state.  Kang has applied complex 
membranes for the olefin/paraffin separation.  Polymer complexes are employed for the 
suppression of the interaction between metal-containing molecules.  Hyakutake and Nishide 
have prepared the pyridine-containing poly(acetylene) complexed with the palladium 
porphyrin for use as an  optical oxygen sensor.108  The palladium or platinum porphyrins 
have a luminescence, which is quenched by oxygen around the porphyrins or other aggregated 
porphyrins.  Due to the planar conjugated skeleton, porphyrins tend to aggregate which 
causes the partial porphyrin concentration and quenching of their luminescence. 
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Figure 1.9.  Examples of the application of polymer-metal complex. (a) Poly(vinylpyrrolidone)-silver 
complex for the selective and reversible olefin binding, (b) Poly(3-pyridilpropyne)-palladium porphyrin 
complex for optical oxygen censor, (c) Polymer ligands-metal complex for the metal nanoparticle 
preparation, and (d) supramolecular-metal complex with telechelic ligand. 
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The poly(acetylene) ligand could suppress the aggregation of the porphyrins, and the complex 
would be used as an effective optical oxygen sensor.  Toshima et al. found that the polymer 
ligands play an important role in the preparation of metal nanoparticles.109  Generally, metal 
nanoparticles are prepared by reduction of the corresponding metal cation in an aqueous 
solution.  However, during the preparation, small particles tend to aggregate to increase the 
particle size.  Toshima loaded poly(vinylpyrrolidone) in a reaction solution, hence the 
polymer would coordinate with metal ions or the prepared small metal particles to suppress 
the aggregation.  Nowadays, many researchers employ this method with polymer ligands for 
nanoparticle preparation. 
As a different case, the polymer containing multidentate ligand residues on their chain 
ends would  also form the macromolecular-metal complex acting as a telechelic ligand.110-112  
Mixing transition metal cations (e. g., cobalt, iron, ruthenium, etc.) with the telechelic ligands 
in the solution prepared the linear polymer containing a transition metal complex in the main 
chain.  The metals loaded into the polymer chains are redox-active and indicate some colors.  
The reduction or oxidation of the metals change the colors of the polymer.  The 
macromolecular-metal complexes in their main chain have been investigated as 
electrochromic materials.112 
 
1.5 Small Molecule Transport through Polymer Membranes 
1.5.1 Gas permeation through polymer membrane 
Polymer membranes are often employed in separation process.1  Some small molecules 
(such as gases or organic solvents) are permeable through polymer membranes, because of the 
micropores inside the polymer membrane.  The polymer membrane consists of two 
components; crystal domain and amorphous domain.  In the crystal domain, the polymer 
chains are aligned closely, hence there is no space for the permeation of small molecules.  In 
contrast, each polymer chain vibrates (called as micro-Brownian motion) in the amorphous 
domain, hence the small pores are continuously opened and closed between the polymer 
chains.  The spaces are small, however, of sufficient size for small molecules to permeate 
through the membrane.  For example, the size of the gas molecules, such as oxygen, nitrogen, 
carbon dioxide, etc., is around 2 – 4 Å.  Gas molecules are permeable through polymer 
membranes by some driving force, such as the partial pressure difference between two 
surfaces. 
Generally in the polymer membrane, gas molecules “diffuse” between the polymer chains.   
Considering the molecular size (e. g., oxygen (3.5 Å) nitrogen (3.8 Å) carbon dioxide (3.9 Å)) 
separation of these gases appears to be impossible.  However, the permeability of these gases 
through polymer membranes indicated large differences, because the gas permeability through 
a polymer membrane depends not only on diffusion but also on a “dissolution” process.  
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Based on Fick’s law of diffusion, which is also applicable for the behavior of gases in 
polymer membranes, the driving force of the diffusion is the concentration gradient.  To 
generate the gradient, gas molecules should be dissolved into the membrane.  The solubility 
of the gas molecules obeys Henry’s law: 
C = S p        (1.2) 
where C, S, and p is the concentration of the gases, the solubility coefficient of the gas and the 
partial pressure in the polymer membrane, respectively.  This law is applied on both sides of 
the membrane, hence the differential partial pressure would generate the concentration 
gradient.  The solubility of the gas species into the polymer membrane does not depend on 
the molecular size.  Thus, the polymer membrane is able to separate the gas molecules 
although their molecular sizes are almost the same, such as oxygen and nitrogen.  The gas 
permeability coefficient is calculated as the product of the diffusion coefficient, D, and S. 
 
1.5.2 Polymer materials for effective gas separation 
Recently, many varieties of polymer membranes have been investigated for their gas 
permeation properties.  Permselectivity, which is defined as the ratio of the permeability of 
two gases, have been also assessed.  In 1981, as describe above, Robeson reported the 
negative correlation between the gas permeability and permselectivity.3  The report referred 
to the permeability of helium, hydrogen, oxygen, nitrogen, carbon dioxide and methane, 
which are regarded as commodity chemicals that are much in demand.  As shown in Fig. 
1.10, the correlation is found as a line; i. e., Robeson’s upper limit.  Since the publication of 
this report, there has been many reports about the polymer membrane which focuses on the 
high performance of the gas permeability over the limit. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Revised upper limit (2008)
Previous upper limit (1981)
Figure 1. 10.  Correlation between oxygen permeability and oxygen/nitrogen permselectivity for 
synthetic polymer membranes.  The lines are reported as Robeson’s upper limit in 1981 (lower line) 
and 2008 (upper line). 
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Table 1.2.  Oxygen permeability coefficient and oxygen/nitrogen permselectivity of the polymers 
shown in Chart 1.5 
PTMSP
PTMSPDA
Disubstituted PDA
PIM-1
PIM-7
PIM-PI-8
TFMPSPIM
Polymers
10000
1500
18700
370
190
545
737
PO2 (Barrer)
4.0
4.5
3.4
3.4
1.7
2.3
1.13
PO2 / PN2 Ref.
114
114
115
116
116
118
120
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There have been many improvements of the gas permeability that Robeson reported in a 
revised version of the upper limit in 2008.4  Several examples of polymeric materials with an 
efficient gas separation are shown as follows. 
Masuda et al. reported a number of mono- and di-substituted poly(acetylene)s as the 
polymer membrane with an extraordinary gas permeability (Chart 1.6).113-115  The gas 
permeability of poly(trimethylsilyl propyne), one of the typical examples of his work, is on 
the order of 103-104 Barrer.  Nowadays, disubstituted poly(acetylene) with different aryl 
groups is reported as the membrane with the highest gas permeability (oxygen permeability 
coefficient, PO2 = 1.87 x 10
4 Barrer).115  The relatively rigid structure of poly(acetylene)s 
and the bulky substituents on the side of the polymer chain cause the large excess free volume, 
which results in the extremely high gas diffusivity through the polymer membranes.  
However, the permselectivity on the poly(acetylene)s are far from high, because every gas 
molecules easily diffuses through the membranes due to their free volume. 
McKeown et al. reported a series of high gas-permeable polymer membranes with 
ladder-like structures.116-120  The concept of the polymers are almost the same for the 
poly(acetylene) derivatives; the rigid structure is employed as the main chain for the large 
excess free volume.  However, the main chain containing a number of aromatic rings could 
stack and closely pack, which causes a decrease in the free volume and gas permeability.  To 
overcome the problem, the monomer unit with a spiro-center carbon is employed.  The 
spiro-carbon produces a “contortion” on the polymer chain to avoid the π−π stacking and 
maintain the large excess free volume (Chart 1.6).  The reports referred to the 
oxygen/nitrogen separation properties, of which the PO2 of the membranes reached 10
2 Barrer, 
where the permselectivity is above 5.  The membranes are less permeable than the 
poly(acetylene)s, however, the property is almost the same as the upper limit. 
Much attention has been paid to the polyimides as excellent gas separation materials, due 
to their high gas separation efficiency, thermal and mechanical characteristics and chemical 
stability (Fig. 1.11).121-125   Generally, the polyimides are prepared by the polycondensation 
of diamines and dianhydrides, which are chemically modified by a facile method.  Hence, a 
number of polyimide derivatives has been prepared and used for the separation of H2/CO2, 
O2/N2, or CO2/CH4.  The gas permselectivity and permeability of the polyimide itself reach 
almost the same order as Robeson’s upper limit.  Moreover, Liu et al. reported the 
cross-linked polyimides for the H2/CO2 separation.  After the cross-linking, the hydrogen 
permeability through the dense membrane decreased, however, the gas permselectivity was 
enhanced above the upper limit.  Liu reported the correlation between the gas separation 
efficiency and cross-linking conditions.125 
Noble et al. designed the chemical structure of the membranes to increase the gas 
solubility.  The reports referred to the separation of CO2/N2 and the focus on the high 
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solubility of CO2 in ionic liquids.
126,127  Noble synthesized the poly(vinylimidazolium- 
co-divinylbenzene) for the enhancement of the polarity in the membrane.  The membranes 
achieved a high PCO2 (around 10 Barrer) with a high permselectivity (above 40), which are 
also on Robeson’s upper limit.  At the point of solubility enhancement, the concept seems to 
be similar to the “carrier transport membrane” (as mentioned below).  However, no 
interactions between CO2 and imidazolium were found on the solubility analysis of CO2 in 
ionic liquids. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1.5.3 Carrier transport membrane 
Focusing on two gas species, e. g., oxygen and nitrogen, the separation efficiency is 
assessed by the “permselectivity”, which was calculated as PO2/PN2, where PO2 and PN2 are 
the oxygen and nitrogen permeability coefficients, respectively.  In the effective separation 
process, the polymer membrane with both high PO2 and high PO2/PN2, are desired.  However, 
as mentioned above, there is a negative correlation between the permeability and 
permselectivity.  PO2 is the product of the diffusion coefficient (DO2) and solubility 
coefficient (SO2), hence the increase in DO2 and/or SO2 is effective for the enhancement of the 
PO2.   DO2 is relatively more easily enhanced than SO2 by tuning the size of the micropores 
of the polymer membrane.  However, through the membrane with large micropores, all the 
Figure 1.11.  Chemical structures of typical polyimides for gas separartion and its oxygen permeability 
and oxygen/nitrogen permselectivity. 
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gas molecules could diffuse easily.  Therefore, the permselectivity decreases with an increase 
in the gas permeability.  An increase of SO2 seems to be more effective for the 
highly-permeable and -selective membrane.  Basically, gas the solubility coefficients do not 
depend on the chemical structure of the polymer membranes.  However, adding a “carrier” 
into the membrane is effective for selectively increasing the gas solubility.99  The “carrier” is 
defined as molecules which react with specific gas molecules reversibly and selectively. 
The oxygen carriers bind oxygen reversibly though they are fixed in a polymer membrane, 
which results in an increase in the partial oxygen concentration.  When the mixture gas is fed 
to one side (feed side) of the polymer membrane containing the oxygen carrier, the 
concentration gradient of the oxygen in the membrane is obviously increased compared to the 
other gases.  The oxygen carriers loaded in the middle of the permeation path in the 
membrane also facilitates the oxygen transport by reversible oxygen binding.  On the other 
hand, there is no facilitation on the permeation of other gases such as nitrogen due to the 
selectivity of the carrier interaction.  As a result, the selective increase in the oxygen 
permeation rate causes the effective oxygen enrichment on the other side (permeate side) of 
the membrane.  These membranes containing the carrier that facilitate the permeation of 
specific molecules are called “Carrier transport membrane” or “Facilitated transport 
membrane”. 
The typical result of the gas permeability measurement for the polymer membrane 
containing cobaltporphyrin as the fixed oxygen carrier is shown in Fig. 1.12.128  As 
mentioned above, the oxygen permeability coefficients increased due to the carrier transport.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.12.  Typical correlation between gas permeability coefficients and feed pressure.  All circle 
plots, triangle plot and square plot represent the oxygen permeability through the membranes containing 
CoP, oxygen permeability through the membrane containing inactive CoP, and nitrogen permeability of 
the membrane containing CoP, respectively. 
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The result of the membrane with the oxygen-binding inactive cobaltporphyrin supported 
the effect of the carrier.  However, the increase was found only in region of lower partial 
oxygen pressure.  The results are based on the dual-mode transport model, expressed in Fig. 
1.13 and eq. (1.3).129,130 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In the equation, kD is the solubility coefficient of oxygen based on Henry’s low, DD and 
DC are the physical and carrier-mediated diffusion coefficients of oxygen through the 
membrane, respectively.  CC expresses the saturated amount of the oxygen gas bound to the 
carriers, and pO2 is the difference in the partial oxygen pressure between both sides of the 
membrane. 
The model reveals that the total oxygen transport through the polymer membrane 
containing oxygen carriers is sum of the physical transport and carrier-mediated transport.  
In the physical transport, oxygen dissolves into the membrane obeying Henry’s law and 
diffuses through the polymer chains.  In the carrier-mediated transport, oxygen dissolves into 
the membrane binding with the loaded oxygen carrier and diffuses through the polymer 
hopping between the oxygen carriers.  Both the oxygen dissolution and diffusion are 
facilitated by the selective oxygen binding of the carrier.  In eq.(1.3), the partial oxygen 
pressure is affected only in the term of the carrier mediated transport.  The carrier mediated 
transport term becomes dominative with the decrease in the pO2, which agrees with the 
experimental result.  This result also revealed that the physical transport is dominative in the 
oxygen transport when the mixed gas was supplied to the membrane under high pressure.   
 
Physical
transport
Carrier-
mediated
transport
Figure 1.13.  Dual-mode oxygen transport through the solid-state polymer membrane containing 
cobalt porphyrin as a fixed oxygen carrier. 
                               (1.3) PO2 kD DD +=
DC CC K
1 + K pO2
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Table 1.3 shows the comparison of the efficiency of the facilitated oxygen transport with 
the oxygen carriers.8,130,131  As mentioned above, the oxygen binding affinity of the carriers 
strongly depend on the chemical structure of the carrier including the metal species.  The 
simple and planar cobalt(tetraphenyl porphyrin) (CoTPP) has a relatively poor oxygen affinity.  
However, the CoTPP-polymer complex was reported as the membrane with the best oxygen 
enrichment property.  In the case of the CoTPP-polymer complex membrane, the 
oxygen/nitrogen permselectivity was significantly enhanced from Robeson’s upper limit (If 
the PO2 is ca. 15, the permselectivity of the membrane would be less than 8).  These results 
could be caused by the difference in the oxygen-binding and -releasing rate constants 
(abbreviated kon and koff, respectively).  Comparing the kinetic parameters, koff of CoTPP was 
much higher than that of CoTpivPP, while kon was in the same order.  Higher values of koff 
meant that CoTPP binds and releases oxygen rapidly resulting in the efficient facilitation of 
the oxygen transport. 
Olefin and paraffin gases are also separated efficiently by the polymer membrane 
containing carriers.  As mentioned in chapter 1.4.3, Kang et al. applied the 
silver-poly(oxazoline) or -poly(vinyl pyrrolidone) complexes to the olefin/paraffin separation 
due to their selective olefin binding ability.107,132  Propylene permeance through the silver 
tetrafluoroborate-polymer complex depended on the feed propylene pressure.  The propylene 
permeance was increased with a decrease in the feed pressure, the same as the oxygen 
permeability through the polymer membrane containing the oxygen carrier.  Without the 
silver salt in the membrane there was no propylene/propane permselectivity, however, the 
permselectivity increased up to 450 using the silver-polymer complex membranes.  Other 
various silver-polymer complex membranes have been reported for the olefin/paraffin 
separation.  For example, Nafion or poly(ethylene-co-propylene) membranes are also 
available for the olefin/paraffin separation, although there are some limitations in the 
conditions.133,134  In the case of the Nafion membrane, the humidity management dominated 
the separation efficiency; hence the complexes of the polymer, silver cation and ionic liquid 
counter ions have been also reported to reduce the humidity effect.135,136 
 
 
 
Table 1.3.  Oxygen binding affinity, binding rate constant, oxygen permeability and pemselectivity of 
cobaltporphyrin-OIm complexes at 25oC 
CoTpivPP
CoTPP
Cobaltporphyrin
8.2
15
PO2 (Barrer)
22
170
PO2 / PN210
-5 koff (sec
-1)
7.3
1700   
10-8 kon (M
-1 sec-1)
8.4
13   
p50 (cmHg)
25
790
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2.1  Introduction 
Block copolymers containing vinylpyridine residues have been widely investigated as a 
promising functional material due to their well-ordered microphase-separated structure and 
metal-complexing and hydrogen-bonding capability
1
: Recently the block copolymers have 
been applied to metal ion- and pH stimuli-responsive polymers and scaffolds for metal 
nanoparticle alignment and nanopatterning.
2-6
  The authors’ group had been also prepared the 
block copolymer containing vinylpyridine as a polymeric axial ligand of 
cobaltporphyrins(CoPs)
7,8
, however, the polymers were prepared as random copolymers.  In 
this thesis, the author propose that the combination of CoPs with poly(vinylpyridine) block 
copolymers would achieve the oxygen enrichment membrane with well-ordered 
microstructure, in which CoPs are localized and facilitate oxygen transport effectively. 
Poly(vinylpyridine) block copolymers have been prepared via stepwise controlled/living 
radical polymerizations, such as a nitroxide-mediated radical polymerization (NMRP), an 
atom transfer radical polymerization (ATRP), and a reversible addition-fragmentation chain 
transfer (RAFT) polymerization.
9-11
  NMRP was reported as an effective method in the 
controlled/living radical polymerization of amine-containing vinyl monomers.
12,13
  The 
block copolymer of 4-vinylpyridine (4VP) and styrene (St) is the most common example of  
poly(vinylpyridine) block copolymers.  Due to the similar chemical structure and reactivity 
of 4VP and St, P4VP-b-PSt block copolymers have been prepared via simply stepwise 
NMRP.
14
  Stepwise RAFT polymerization has also been capable for the preparation of 
P4VP-b-PSt.
15
  However, except for the synthesis of P4VP-b-PSt block copolymers, there 
have been only a few reports, to the best of our knowledge, on the preparation of 4VP block 
copolymers using stepwise controlled/living radical polymerizations.  Matyjaszewski et al. 
reported the stepwise ATRP process for 4VP block copolymers with methyl methacrylate 
(MMA).
16
  However, there remains some limitations on the polymerization conditions.  In 
the ATRP of nitrogen-containing vinyl monomers, such as 4VP, the monomers could directly 
coordinate to and deactivate the copper catalyst.  To prevent catalyst coordination and 
deactivation, the synthesis of a new copper catalyst with stronger binding-ligand and/or 
formation of the P4VP block in the final synthetic step would be required.  Furthermore, the 
ATRP of 4VP often employs polar solvents such as aliphatic alcohols, which limit molecular 
weight of the formed PMMA block due to poor solubility.
16,17
  The molecular weight of each 
block in the copolymers or the volumetric ratio of each segment is a crucial factor to achieve 
microphase-separated block copolymer structures.
18
 
To overcome these limitations, an asymmetric bifunctional initiator could be effective to 
combine both ATRP and NMRP polymerization methods.  For the preparation of 
PMMA-b-P4VP copolymers, the polymerization of MMA could be well-controlled using 
ATRP, while 4VP could be polymerized via NMRP.  NMRP of 4VP is usually performed 
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without any complicated additives and practically any solvent can be used for the 
polymerization.  Tunca et al. reported a bifunctinoal initiator applicable to ATRP and NMRP 
in the preparation of PMMA-b-P4VP.
19
  However, the synthetic route of the bifunctional 
initiator (shown in Scheme 2.1(b)) required tedious synthetic steps and the use of an explosive 
peroxide.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Based on the knowledge, in this chapter, the author designed two poly(vinylpyridine) 
block copolymers for the application to oxygen enrichment membranes.  For the block 
copolymer synthesis, the author proposed the facile route including the synthesis of stable 
nitroxide radicals and bifunctional initiator.  Especially, the bifunctional initiator achieved 
the preparation of block copolymers consisted of 4VP and MMA with a wide range of 
copolymer ratios and requisite high molecular weight to achieve microphase-separated 
structures. 
 
2.2  Molecular Design of the Block Copolymers 
For the oxygen enrichment membrane containing cobaltporphyrin as a fixed oxygen 
carrier, the polymer matrix should be consists of at least two components: membrane-forming 
unit and the porphyrin-ligating (aromatic) amine residue.  In previous reports,
7,20
 our group 
had reported the copolymers of -vinylimidazole and alkyl methacrylate.  Comparing with 
the other aromatic amines, the cobaltporphyrin complexed with imidazole derivatives were 
tend to show the high oxygen affinity.  Then the -vinylimidazole could be the appropriate 
monomer for the block copolymer ligand.  However, such as -vinyl or O-vinyl compounds 
are difficult to polymerize in a living fashion, due to its nonconjugated structure at the vinyl 
group and specific stability of corresponding radicals.  As an aromatic amine monomer 
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Scheme 2.1.  Synthetic routes of the bifunctional initiator for ATRP and NMRP. (a) Route starting with 
p-xylene and (b) with benzoyl peroxide. 
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which polymerized easily in radical polymerization, 4-vinylpyridine was employed in this 
study.  On the other hand, a number of monomers are appropriate in the point of “high 
membrane formability”.  However, considering the purpose i. e. construction of oxygen 
pathway through the membrane by microphase-separation, other segment should be less gas 
permeable than the poly(4-vinylpyridine) segment.  Otherwise the oxygen will permeate 
mainly the membrane-forming domain.  Then, we should consider the gas permeability of 
each segment. 
 
 
 
 
 
 
 
 
The values of the oxygen and nitrogen permeability coefficients of the typical synthetic 
polymers and poly(4-vinylpyridine) were listed in Table 2.1.
21
  The gas permeability 
coefficient should be more than 10 times smaller than that of 4-vinylpyridine.  In the point of 
view, the typical poly(vinylpyridine) block copolymer, PSt-b-P4VP, was not suitable for our 
purpose.  PMMA-b-P4VP seems to be one of the appropriate compositions for the purpose.  
However, as mentioned above, the preparation of the PMMA-b-P4VP would be complicated, 
for the different activity of the monomers.  For the preparation of PMMA-based block 
copolymer, the author synthesized the bifunctional initiator at first.  The author also focused 
the PANS; random copolymer of acrylonitrile and styrene.  The gas permeability is depend 
on the composition of random copolymer, and decrease to the same order as PMMA when the 
AN content in the copolymer increased up to 55 mol%.  Furthermore, the reactivity of AN 
and St are similar to that of 4VP, so that the block copolymer of PANS-b-P4VP would be 
prepared via the simple stepwise NMRP.  For the preparation of PANS-based block 
copolymer, the author employed the NMRP with stable synthetic nitroxide radical. 
 
 
 
 
 
 
 
 
Table 2.1.  Oxygen and nitrogen permeability coefficients for typical synthetic polymers 
PO2 (Barrer)
0.0003
0.15
0.19
2.53
0.70
0.0001
0.01
0.03
0.79
0.12Poly(4-vinyl pyridine)
Polymer
Poly(acrylonitrile)
Poly(methyl methacrylate)
Poly(styrene-ran-acrylonitrile)
55 mol% acrylonitrile
Poly(styrene)
PN2 (Barrer)
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PANS-b-P4VP 
Chart 2.1.  Chemical structure of designed pyridine-containing block copolymers 
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2.3 Synthesis of Block Copolymer with Stepwise Controlled/Living Radical
 Polymerization  
2.3.1 Synthesis of novel bifunctional initiator for ATRP and ,MRP 
As mentioned above, synthesis of PMMA-based block copolymers require the 
bifunctional initiator, which is applicable for stepwise ATRP and NMRP.  The synthetic 
routes of the bifunctional initiators are shown in Scheme 2.1.  It has been previously 
reported that 2-phenyl-2-[(2,2,6,6-tetramethylpiperidino) oxy]ethyl 2-bromo propanoate 4 
was synthesized as a bifunctional initiator for stepwise polymerization using 
1-hydroxy-2-phenyl-2-(2’,2’,6’,6’-tetramethyl-1’-piperidinyloxy)ethane 3 and was obtained 
by reacting TEMPO, styrene, and several grams of benzoyl peroxide (Scheme 2.1(b)); but it 
resulted in a low total yield of the reaction to obtain 4(15%) and used a large amount of the 
explosive peroxide.  We have succeeded in synthesizing the alkoxyamine 2 via the route 
shown in Scheme 2.1(a).  The hydroxylated alkoxyamine precursor was prepared by simply 
heating a mixture of 4-hydroxy TEMPO and p-xylene.  This step was very advantageous 
since it allowed for scale-up of the initiator synthesis while maintaining a relatively high yield 
(the total yield of 33 %) and also eliminated the use of explosive peroxide. 
 
2.3.2 ATRP of MMA with the bifunctional initiator 
 
 
 
 
 
 
With the bifunctional initiator (2), ATRP of MMA was performed at 90
o
C, using a 
homogeneous copper catalyst consisting of CuCl and 4,4’-dinonyl-2,2’-bipyridine (dNbpy) 
(Scheme 2.2). 
To indicate the livingness of polymerization, semilogarithmic kinetic plots of the 
polymerization are shown in Fig. 2.1(a).  The polymerization rate is expressed as shown in 
eq. (2.1). 
 
 
Here, Rp
 
is the polymerization rate, [M]t and [P
・] are the monomer and active radical (on the 
growing polymer chain end) concentration, and kp
・is polymerization rate constant.  In 
controlled/living radical polymerization, [P・] is hypothesized to be constant; hence the eq. 
(2.3) is derived by integration of eq. (2.1). 
 
O
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Scheme 2.2.  ATRP of MMA from bifunctional initiator 2 
Rp = -
d [M]t
dt
= kp [M]t [P ] (2.1) 
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Here, kp
app
 indicates the apparent propagation rate constant.  Conversely, The linear increase 
of ln([M0]/[Mt]) vs. reaction time supported the hypothesis and indicates the livingness of 
polymerization, where [M0] is the initial monomer concentration and [Mt] is the remaining 
monomer concentration in the sampled solution at timed intervals, respectively.  In Fig. 
2.1(a), the linear correlation supported the livingness on ATRP of MMA.  The kp
app
 of the 
polymerization was estimated to be 1.1×10
-5
 s
-1
, which was lower than previously reported 
values for the ATRP of MMA (8.0×10
-5
 s
-1
).
23
  This relatively low reactivity of 2 in the 
MMA polymerization could be ascribed to the secondary carbon structure of the initiating 
radical species.
23-25
  A linear increase in the molecular weight of formed PMMA vs. 
monomer conversion is shown in Fig. 2.1(b).  During the MMA polymerization, the 
molecular weight (determined by SEC) was larger than the calculated value, and the initiation 
factor (defined as a ratio of the calculated molecular weight to the experimental molecular 
weight) remained ca. 60%.  The incomplete initiation of 2 could be caused by the lower 
stability of the initiating secondary radical than the growing tertiary radical on the PMMA 
chain end.  After the first reaction-generated radical on 2 to the MMA monomer, a halogen 
transfer with the copper catalyst would preferentially occur at the PMMA chain end.   
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Figure 2.1.  Semilogarithmic kinetic plots (a) and dependence on molecular weight (Mn, closed plots) 
and polydispersity (Mw/Mn, open plots) vs. the monomer conversion (b) for the ATRP of MMA using 
the bifunctional initiator 2 at 90
o
C.  The solid line represented the calculated Mn values based on a feed 
ratio of 2 to the monomer, and the dotted line represented the experimental Mn values, respectively.  
[MMA] = 50 vol% in the diphenyl ether solution, [MMA]/[2]/[CuCl]/[dNbpy] = 500/1/2/4. 
kp
app
kp
[P ] =
[M]0
[M]t
ln = kp
app t
(2.2) 
 
(2.3) 
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Actually, in comparison with a typical ATRP initiator, methyl 2-bromopropanoate (which has 
an initiation factor of 25%)
26
, the initiation factor of 2 was not low.  The polydispersity of 
the PMMA polymerized with 2 (less than 1.3) was also smaller than that of the PMMA 
polymerized with methyl 2-bromopropanoate (ca. 1.5). 
 
2.3.3 ,MRP of 4VP with TEMPO-terminated PMMA macroinitiator 
 
 
 
 
 
 
 
 
For the NMRP of 4VP, the obtained PMMA macroinitiator (Mn = 3.5  ×  10
4
 and PDI = 
1.2) was reacted with 4VP at 135
o
C to yield the block copolymer that was soluble in 
chloroform, methanol, DMF, and DMSO (Scheme 2.3).  The semilogarithmic kinetic plots of 
the polymerization indicated that 4VP was polymerized in a living fashion (Fig. 2.2).  A 
1
H 
NMR spectrum of the obtained polymer (in CDCl3) gave peaks corresponding to both pyridyl 
groups on the P4VP segment (δ = 6.57 and 8.23) and methoxy groups on the PMMA segment 
(δ = 3.56). 
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Figure 2.2.  Semilogarithmic kinetic plots for the NMRP of 4VP at 135
o
C.  [4VP] = 33 vol% in the 
DMF solution. [4VP]/[PMMA macroinitiator]/[TEMPO] = 300/1/0.3.  Inset: SEC traces of the 
PMMA-b-P4VP copolymer (the solid line, with Mn = 5.9 × 10
4
 and PDI = 1.6) and the PMMA 
macroinitiator (the dotted line, with Mn = 3.5 x 10
4
 and PDI = 1.2). 
Eluent: chloroform/ethanol/triethylamine = 90/10/0.5 (vol/vol/vol). 
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Scheme 2.3.  NMRP of 4VP with PMMA macroinitiator 
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The copolymer ratio of the obtained polymers estimated using NMR peak integrations was in 
good agreement with monomer conversion.  An SEC trace of the obtained polymer showed a 
monomodal peak, which was shifted to higher molecular weight (lower retention times) 
compared with the PMMA macroinitiator (Inset of Fig. 2.2).  In the DOSY spectrum of the 
polymer, all peaks corresponding to both PMMA and P4VP segments were recorded with the 
same diffusion constant (Fig. 2.3).  These results concluded that 4VP was polymerized from 
the alkoxylamine group at the end of PMMA macroinitiator and any P4VP homopolymer was 
absent in the product.  The P4VP content of the formed copolymers was in the range from 15 
to 70 mol%, which corresponded to the reaction time and/or the monomer concentration. 
As mentioned above, the molecular weight and polydispersity of the PMMA-based 
polymers were determined by SEC measurement, employing mixture of organic solvent as 
eluent.  In the SEC measurements of amine-containing polymers, eluents should be carefully 
chosen to avoid adsorption of the polymer to polystyrene gel columns.  Triethylamine has 
been reported as an efficient additive in the prevention of column adsorption,
27,28
 however, the 
SEC trace of the PMMA-b-P4VP block copolymer sample using a chloroform/triethylamine 
(99.5/0.5, vol/vol) eluent was only slightly shifted from the trace of the PMMA macroinitiator.  
The authors found that the eluent consisting of chloroform/ethanol/ triethylamine (90/10/0.5, 
vol/vol/vol) enhanced the solubility of the P4VP segment, and gave a reasonable SEC trace 
for the block copolymer.  The copolymer ratio determined by the SEC was in good 
agreement with the ratio estimated with 
1
H NMR data. 
O
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Figure 2.3.  DOSY spectrum of PMMA-b-P4VP. 
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2.3.4 Stepwise ,MRP for the PA,S-based block copolymer 
 
 
 
 
 
 
 
 
 
 
For the preparation of PANS-based block copolymers, acrylonitrile and styrene were 
polymerized in the presence of stable nitroxide radical to obtain the corresponding 
macroinitiator.  Although the sequence of the monomer units is random, the copolymer ratio 
of PANS is important for their gas barrier characteristics.  However, sometimes the 
copolymer ratio changed from that of feed monomer ratio.  The copolymer ratio is depended 
on the polymerization procedure.  In the PANS preparation, acrylonitrile content was 
different from the feed ratio, when the polymerization performed directly in the presence of 
both monomers.  Moreover, the molecular weight was also deviated from preliminary 
calculated value.  The polymerization seemed to lose their control, for the different reactivity 
with the generating radical.  To maintain the control of polymerization, the solution of 
styrene, radical initiator and nitroxides was preheated to 80
o
C.  During the preheating, all 
radical initiator would generate the radicals, which react with styrene and then capped by 
nitroxides.  When the solution was heated again to 110
o
C with acrylonitrile, the 
nitroxide-capped styryl radicals would generate active radicals at the same time.  The effect 
of the different reactivity between the monomers would be reduced, which resulted in the 
preparation of controlled PANS.  The nitroxide-terminal of the PANS macroinitiator 
regenerated the growing radical by heating.  The polymer chain was extended by the heating  
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Scheme 2.4.  Stepwise NMRP for the preparation of PANS-b-P4VP 
Figure 2.4.  GPC traces of PANS-DEPN (dotted line) and PANS-b-P4VP (solid line).  Eluent: DMF 
with 0.1M LiCl. 
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in the presence of other vinyl monomers, e. g. 4-vinylpyridine.  The chain extension was 
supported by 
1
H NMR spectrum, DOSY spectrum and SEC traces (Fig. 2.4).  In the SEC 
measurement of PANS-based polymers, DMF solution containing 0.1 M LiCl was employed 
as eluent due to poor solubility of polymers. 
 
2.4  Thermal Properties of the Block Copolymer 
One of the differences between random and block copolymers is found in their thermal 
property.  In the case of random copolymer, the grass transition occurs only once at the 
midpoint between two grass transition temperatures of the homopolymers.  In contrast, 
multiple grass transitions are occurred on the block copolymer, attributed to each segments.  
The DSC charts of both the PMMA-b-P4VP and PANS-b-P4VP copolymers gave two peaks, 
which were attributed to the glass transition of each segment.   
 
 
 
 
 
 
 
 
 
The glass transition temperatures for the corresponding homopolymers are shown in 
Table 2.2.
21
  Glass transition of PANS copolymer seemed to be once in DSC chart, due to 
their random sequence of monomer units and the similarity on the glass transition 
temperatures of poly(styrene) and poly(acrylonitrile).  This result also supported the 
formation of a block copolymer and suggested the formation of a microphase-separated 
structure. 
 
2.5  Experimental Part 
Materials 
1--[(4-Methylbenzyl)oxy]-4-hydroxy-2,2,6,6-tetramethylpiperidine (1) was synthesized 
from 4-hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl and p-xylene, according to the 
literature.
29
  CuCl was washed with glacial acetic acid, methanol and diethyl ether, followed 
by drying in vacuum at 60
o
C.
30
  Methyl methacrylate (MMA), 4-vinylpyridine (4VP) and 
DMF were purified by vacuum distillation.  Styrene (St) and acrylonitrile (AN) were purified 
by passing through the neutral alumina column.  2,2,6,6-tetramethylpiperidine-1-oxyl 
(TEMPO) was sublimed prior to use.  Benzoyl peroxide (BPO) was reprecipitated from 
Table 2.2.  Glass transition temperatures (Tg) of the prepared block copolymers and corresponding 
homopolymers measured by DSC 
Polymer Tg (
oC)
PMMA (Poly(methyl methacrylate))
PS (Poly(styrene))
PAN (Poly(acrylonitrile))
P4VP (Poly(4-vinylpyridine))
PMMA-b-P4VP
PANS-b-P4VP
113
100
97
154
126, 145
113, 153
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chloroform solution to cold methanol to remove the water prior to use.  Other reagents and 
solvents were used without further purification. 
 
Synthesis of 1--[(4-methylbenzyl)oxy]-4-(2-bromopropanoyl)-2,2,6,6-tetramethyl 
piperidine 
 The alkoxyamine 1 (0.61 g, 2.2 mmol) was dissolved in the dry THF (30 mL) containing 
triethylamine (0.36 g, 3.6 mmol) and the solution was cooled to 0
o
C under argon.  
2-Bromopropanoyl bromide (0.77 g, 3.6 mmol) was added, and the solution was stirred for 12 
h.  The reaction mixture was filtered to remove white precipitate, evaporated and extracted 
with dichloromethane. The extract was washed with a dilute aqueous solution of sodium 
carbonate, and dried over anhydrous sodium sulfate.  The crude product was purified by 
silica gel chromatography with chloroform as an eluent to obtain the alkoxyamine, 
1--[(4-methylbenzyl)oxy]-4-(2-bromopropanoyl)-2,2,6,6-tetramethylpiperidine, (2) as 
colorless oil (0.61 g, 67% yield).  
1
H NMR (CDCl3, 500 MHz; ppm) δ 1.27 (s, 6H, 
-NC-CH3), 1.34 (s, 6H, -NC-CH3), 1.68 (dd, 2H, -CH2-CH), 1.83 (d, 3H, -CHBr-CH3), 1.92 
(dd, 2H, -CH2-CH), 2.37 (s, 3H, CH3-Ph), 4.34 (q, 1H, -CO-CH), 4.80 (s, 2H, -Ph-CH2), 5.11 
(tt, 1H, CH-O), 7.17 (d, 2H, Ph), 7.27 (d, 2H, Ph).  
13
C NMR (CDCl3, 125 MHz; ppm) δ 
20.9, 21.1, 21.4, 33.1, 40.2, 43.5, 60.1, 78.8, 127.6, 128.9, 134.6, 137.1, 169.6.  MS (FAB): 
m/z  412 [M
+
],  412.4 (calcd). 
 
Synthesis of -tert-butyl--[1-diethylphosphono(2,2-dimethylpropyl)] nitroxide (DEP,) 
DEPN was synthesized by the oxidation of corresponding amine (diethyl 2,2-dimethyl-1-(1,1- 
dimethylethylamino)propylphosphonate).  Synthetic route of the amine was described 
elsewhere.
31
  In a round bottom flask, the amine (15.1 g, 54 mmol) was dissolved in 
dichloromethane (30 mL).  The solution was cooled to 0
o
C, and the dichloromethane 
solution (30 mL) of m-chloroperbenzoic acid (13.6 g, 59 mmol) was mixed carefully.  After 
12 h reaction, the orange-colored solution was washed with aqueous solution of sodium 
carbonate.  Organic solution was collected, dried over magnesium sulfate, and evaporated 
the volatile component.  The crude product was purified by column chromatography using 
silica gel, which was treated with triethylamine prior to packing.  Eluent was changed 
gradually from hexane/chloroform = 4/1 to hexane/chloroform/THF = 5/5/1.  After 
evaporation, the product was obtained as orange viscous liquid (5.72 g, Yield: 36%). MS 
(FAB): m/z 295 [M
+
], 294.4 (calcd). The quantitative generation of radicals are indicated by 
the ESR spectrum with g = 2.007 corresponding to the nitroxide radical. 
 
ATRP of methyl methacrylate with the alkoxyamine 2 
A typical procedure was as follows: MMA(14.2 g, 142 mmol), CuCl(31.2 mg, 0.315 
Chapter 2 
 - 50 - 
mmol), 4,4’-dinonyl-2,2’-bipyridine (dNbpy, 257 mg, 0.63 mmol), and diphenyl ether (15 
mL) were added in a Schlenk flask, which was degassed with three freeze-pump-thaw cycles 
and heated at 90
o
C.  A predetermined amount of alkoxyamine 2 (64.2 mg, 0.156 mmol) 
dissolved in a small amount of MMA (0.92 g, 9.2 mmol) was transferred into the flask under 
argon.  During the reaction, a small amount of the reaction mixture was sampled at timed 
intervals to monitor conversion with 
1
H NMR and SEC.  After 24 h, the reaction solution 
was diluted with THF and precipitated twice into methanol.  The residual green copper 
catalyst was removed by stirring the polymer solution with ionic exchange resin (DOWEX 
Marathon MSC hydrogen form).
32
  The decolorized solution was precipitated into methanol.  
The white precipitate was filtered, washed with methanol, and dried under vacuum at 60
o
C 
until constant weight was achieved to yield the PMMA macroinitiator (6.69 g, Mn = 3.5 × 10
4
, 
PDI = 1.2) as a white powder. 
 
,MRP of 4-vinylpyridine with the PMMA macroinitiator 
A typical procedure was as follows: The PMMA macroinitiator (795 mg, Mn = 3.5 × 10
4
, 
PDI = 1.2) was dissolved completely in dry DMF (2.25 g) in a Schlenk flask.  4VP (2.25 g) 
and TEMPO (1.06 mg, [TEMPO]/[PMMA] = 0.3/1) were added into the flask followed by 
degassing with five freeze-pump-thaw cycles, and heated at 135
o
C.  During the 
polymerization, a small amount of the reaction mixture was sampled at timed intervals to 
monitor conversion with 
1
H NMR.  After 25 h, the reaction mixture was diluted with DMF 
and precipitated twice into diethyl ether.  The filtered precipitate was washed with diethyl 
ether and dried under vacuum at 60
o
C to give the PMMA-b-P4VP block copolymer (1.47 g, 
Mn = 5.9 × 10
4
, PDI = 1.6) as a slightly brownish powder. 
 
,MRP of acrylonitrile and styrene in the presence of DEP, 
A typical procedure was as follows: In round bottom flask, distilled styrene (5.89 g, 56 
mmol), DEPN (48.5 mg, 0.16 mmol) and benzoyl peroxide (18.3 mg, 0.075 mmol) were 
added with dry DMF (7.12 mL).  The flask was heated to 80
o
C for 4 h in argon atmosphere, 
and purified acrylonitrile (3.04g, 56 mmol) was added with argon bubbling, followed by 
heating the reaction mixture to 110
o
C.  After 15 h, the viscous solution was diluted with 
DMF and precipitated into methanol to obtain the polymeric product.  The product was dried 
at 60
o
C in vacuum until constant weight to give the PANS (5.84 g, Mn = 6.6 × 10
4
, PDI = 1.3) 
as a white powder.  AN content in the PANS was 53 mol% determined by 
1
H NMR 
spectrum. 
 
,MRP of 4-vinylpyridine with the PA,S macroinitiator 
A typical procedure was as follows: The PANS macroinitiator (1.11 g, Mn = 6.6 × 10
4
, 
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PDI = 1.3) was dissolved in DMF (1 mL) completely in round bottom flask.  Distilled 
4-vinylpyridine (1.30 g, 12 mmol) and DEPN (2.1 mg, 7.11 µmol) were added to the solution 
and bubbled with argon gas at 0 
o
C for 1 h.   The flask was heated to 115
o
C for 5 h, and then 
cooled to ambient temperature, diluted with DMF and precipitated twice into diethyl ether.  
After twice reprecipitation of the DMF solution of polymeric product into the mixture of 
diethyl ether and methanol (3/1), the precipitate was collected and dried in vacuum at 60
o
C 
until constant weight.  The PANS-b-P4VP (1.64 g, Mn = 1.0 × 10
5
, PDI = 1.6) was obtained 
as a slightly reddish white powder.  4VP content in the block copolymer was 30 mol% 
determined by 
1
H NMR spectrum.  
 
Characterizaion 
1
H NMR and 
13
C NMR spectra were recorded using a JEOL Lambda 500 spectrometer.  
DOSY spectra of the polymer were measured with a Bruker AVANCE 600 spectrometer.  A 
mass spectrum of 2 was recorded using a JMS-SX102A spectrometer.  Molecular weight and 
polydispersity of polymers were determined by SEC using a TOSOH HLC8220 instrument 
with THF, DMF containing 0.1 M LiCl, or chloroform/ethanol/triethylamine (90/10/0.5, 
vol/vol/vol) mixture as an eluent at 40
o
C.  The column system was calibrated with 
polystyrene standards (TOSOH) ranging in molecular weight from 1000 to 1000000 g/mol.  
Glass transition temperatures were measured with a TA Instruments DSC Q200. 
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3.1 Introduction 
Microphase-separation of the block copolymers have been widely investigated including 
their application such as templates for nanoscale patterning and porous materials.
1-4
  
Recently, mass transport through the block copolymer materials and correlation with the 
microstructures has been reported.  For example, the block copolymer membranes, 
consisting of sulfonated poly(styrene) and poly(methyl methacrylate) forming various  
microstructures, indicated the anisotropic proton conductivity.
5
  The anisotropic 
characteristics on the mass transfer of block copolymer materials could enhance the 
separation efficiency. 
In decades, authors’ group have been investigated the oxygen enrichment membrane 
containing cobaltporphyrin (CoP) complexes as fixed oxygen carrier.
6-9
  Recently, the group 
have also reported that the simple and planar meso-tetraphenylcobaltporphyrin (CoTPP) acts 
as an efficient oxygen carrier, with large oxygen releasing rate constants.
10
  However, the 
CoPs with planar and rigid structures tend to aggregate in the polymer membrane, which 
causes the loss of oxygen binding property.  For the suppression of porphyrin aggregation, 
the random copolymer ligand was employed as the axial ligand for uniform distribution of 
CoPs in the membrane.  It is also reported that the oxygen enrichment efficiency is enhanced 
with increase of CoP content in the membrane, due to reduce the distance between CoPs.
7
  
Between the CoPs, oxygen molecules diffuse through the polymer chains same as other 
molecules.  The effect of reversible oxygen binding on the oxygen permeability through 
polymer membranes would be enhanced with the reduction of CoP distance.  However, the 
increase of CoP content in polymer membranes is limited due to decrease on their mechanical 
properties.  Polymer membranes get brittle by much loading of the molecules with rigid 
structure,
11
 which is affected strongly their process yield.  Recently our group has been 
prepared the thin, nanometer-thickness membranes for enough permeation rate.
12
  Though 
the thin membranes are formed on supporting porous membrane, high brittleness of the  
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Figure 3.1.  Schematic image of phase-separated block copolymer/CoTPP complex membrane. 
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polymer membrane causes pinholes. 
To overcome the problem with the mechanical strength of polymer membranes, the 
author proposed the usage of block copolymers as polymer ligand.  The 
microphase-separation of the block copolymer membrane could localize CoPs densely in one 
segment, which reduces the distance between CoPs (Fig. 3.1).  In chapter 2, the author has 
reported the preparation of block copolymers containing pyridyl residue in one segment, for 
the application as a block copolymer ligand of CoPs.
13
 
In chapter 3, the author ascribed the preparation of polymeric CoP membranes with block 
copolymer ligand and its characteristics; thermophysical property, microphase-separated 
structure and gas (oxygen and nitrogen) permeability.  Distribution of CoP in the 
microstructure of block copolymer membrane, and the oxygen binding properties of the 
complex were also investigated.  Moreover, for the first time, the author achieved the 
facilitated oxygen transport through the microphase- separated polymeric CoP membranes.  
The correlation between the oxygen separation efficiency and the microstructure of polymer 
membranes was also discussed. 
 
3.2 Distribution of Cobaltporphyrin in the Block Copolymer Membrane 
The effect of loading CoP, which is consist of rigid structure and could coordinate to 
polymer chain, would be reflected on the thermophysical properties of the polymer matrix 
membranes.  For example, glass transition temperature (Tg) was easily affected with 
additives.
8,11
  In the case of block copolymers, Tg of each segments are found separately; 
hence the shift of Tg would give some information about internal environment of segments in 
block copolymer membranes. 
First of all, the effects of CoP loading for Tg of homopolymers corresponding to the block 
copolymer ligands are measured.  As the homopolymers, poly(methyl methacrylate) 
(PMMA), poly(acrylonitrile-r-styrene) (PANS) and poly(4-vinylpyridine) (P4VP) were 
employed.  The change of Tgs with the content of CoTPP is shown in Table 3.1.  Tg of 
PMMA and P4VP were increased with CoTPP content, while the Tg of PANS was decreased 
with increase of CoTPP.  For the P4VP, the result was same as previous reports.
8,11
  P4VP 
chain has capability of coordinating CoTPP, which caused the decrease of the main chain 
mobility.  Hence for both the PANS and PMMA, which are not capable to coordinate with 
CoTPP, there should be same tendency in the change of Tg with CoTPP content.  However, 
CoTPP acted as a plasticizer to decrease Tg only in PANS.  As far as PANS, the four exterior 
phenyl ring of CoTPP affected the polymer chain mobility stronger than the rigid porphyrin 
skeleton.  Comparing the chemical structure of PANS and PMMA, PANS contains phenyl 
ring in polymer chain, while PMMA has no aromatic group.  Therefore, the effect of CoTPP 
loading for Tg of PMMA could be opposite to the case of PANS.  Either way, CoTPP loading  
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affected Tg of polymers. 
Based on the result, the DSC curves of the block copolymers with CoTPP were recorded, 
(Fig. 3.2).  In the case of PMMA-based block copolymer (defined as PMMA-b-P4VP), the 
Tg ascribed to the P4VP segment was increased with CoTPP loading, while the Tg of PMMA 
segment was constant.  In the case of PANS-based block copolymer (defined as 
P(S-r-AN)-b-P4VP), there was also the same tendency that only the Tg of P4VP segment 
increased selectively.  The selective increase on the Tg of P4VP segment in both of the block 
copolymers suggested that CoTPP was located mainly in P4VP segment, although the 
membranes were prepared simply by the casting of mixed solution. 
 
3.3 Microstructures in Block Copolymer Membrane 
3.3.1 PMMA-based block copolymer and its CoTPP complex 
Microstructure in the block copolymer membranes were observed with TEM (Fig. 3.3).  
For the observation, P4VP content of the block copolymer was fixed as 40 mol%, which will 
affect the microstructure strongly.  As mentioned in chapter 1.3, the microstructure would be 
varied with the treatment of prepared membrane.  Moreover, loading of CoTPP will affect 
[CoTPP] (wt%) Tg (
oC)
0
5
15
30
113
119
119
124
PMMA
0
12
22
[CoTPP] (wt%)
111
102
98
Tg (
oC)
PANS
0
5
13
23
[CoTPP] (wt%)
154
158
159
162
Tg (
oC)
P4VP
Table 3.1.  Glass transition temperatures (Tg) of polymers corresponding to the block copolymers and 
the correlation between the CoTPP content and Tg 
Figure 3.2.  DSC curves of poly(vinylpyridine) block copolymers containing CoTPP.  (a) 
PMMA-b-P4VP (solid line) and PMMA-b-P4VP containing 36wt% CoTPP (dotted line).  (b) 
PANS-b-P4VP (solid line), PANS-b-P4VP containing 10 wt% (dashed line) and 17 wt% (dotted line) 
CoTPP. 
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Temperature(oC)
126oC
124oC
145oC
154oC
120 160 200
Temperature(oC)
113oC
115oC
114oC
153oC
171oC
180oC
(a) (b) 
Microphase-Separated Polymer Membranes 
Containing Cobaltporphyrin as an Oxygen Carrier 
- 57 - 
the microstructure due to the change of polymer chain mobility as shown above.  At first, the 
PMMA-b-P4VP membrane itself was observed (Fig. 3.3(a)).  The lamellar structure at ca. 50 
nm intervals parallel to substrate was found indistinctly and partially in the membrane, 
although the sample was not treated anymore.  During the slow solvent evaporation, polymer 
chains were still flexible and began to orient.  With appropriate treatment, the microstructure 
would be more clearly and spread to entire area of the membrane.  Therefore, for the 
CoTPP/PMMA-based block copolymer complex membranes were treated with two methods.  
With the solvent (Chloroform) vapor annealing the tendency of lamellar structure at ca. 30 nm 
intervals parallel to the substrate was found (Fig. 3.3(b)).  The microstructure was spread 
almost the entire area of the membrane, however, the slight fuzziness was remained.  This 
would be caused by the incomplete annealing or the characteristics change (e. g., 
hydrophilicity or chain mobility) of P4VP segment with CoTPP loading.  For the more clear 
microstructures, the thermal treatment of complex membrane was examined.  However, 
PMMA-b-P4VP membranes could be heated to 120
o
C, where only the PMMA segment was 
in rubbery state.  The annealing temperature should be above Tg of all segment in block 
copolymer.  However in the case of PMMA-b-P4VP, annealing at 170
o
C (above the Tg of 
P4VP containing CoTPP) decomposed the PMMA segment which was indicated by 
1
H NMR 
spectrum.  To prevent the decomposition of the block copolymer, the annealing temperature 
was decreased to 120
o
C.  Moreover, the scale of microstructure was enlarged to 500-1000 
nm.  The large-scale phase-separation suggested the existence of homopolymeric component.  
Focusing the chemical structure of employed PMMA-b-P4VP, there was a thermally 
cleavable nitroxylamine (-C-O-N-) group (Fig. 3.1).  The annealing temperature was quite 
similar to the cleaving temperature of nitroxylamine.  For the TEMPO-based nitroxylamine, 
the temperature was reported as ca. 130
o
C,
14,15
 however, during the long time annealing the 
nitroxylamine could be cleaved gradually to prepare the corresponding PMMA and P4VP 
homopolymers.  For the PMMA-based block copolymers, solvent vapor annealing was 
appropriate method. 
 
 
 
 
 
 
 
 
 
 
Figure 3.3.  Cross sectional TEM images of PMMA-b-P4VP membranes.  (a) Block copolymer 
membrane without further treatment, (b) Block copolymer/CoTPP complex membrane annealed with 
Chloroform vapor for 48 h, (c) Block copolymer/CoTPP complex membrane annealed thermally (at 
120
o
C) for 48 h.  All membranes are cast onto Teflon substrate. 
(a) (c) (b) 
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3.3.2 PA+S-based block copolymer and its CoTPP complex 
The PANS-based block copolymer membranes were prepared on a series of substrates 
such as Teflon, glass plate and glassy carbon.  Comparing the substrates, the membrane 
formed on Teflon substrate showed the strongest regularity.  The sample with thermal 
treatment (170
o
C, where is above the glass transition temperature of all segments) showed the 
lamellar structure at 30-50 nm intervals parallel to the substrate.  However, the lamellar 
structure was found in the range of 500 nm from the substrate, while the irregular 
microstructure was found near the surface of membrane.  The partially ordered structure 
appears to be caused by inhomogeneous thermal conditions on the annealing process.  The 
membranes on the substrate were heated only from the substrate side; hence the insufficient 
thermal conduction would be occurred on the membrane, resulted in the irregular 
microstructure near the surface of membrane.  The lamellar structure became clear by the 
treatment with Chloroform vapor, however, the structure was also found only at the substrate 
side of the membrane.  For the occurrence of microphase-separation, the effect from the 
substrate was more dominative than that of the annealing conditions. 
In the case of CoTPP-loaded block copolymer membranes, however, the difference on the 
annealing conditions strongly affected the microstructure.  After the thermal treatment, TEM 
image showed the disordered sea-island structure in all over the membrane.  In contrast, the 
TEM image of the membrane with chloroform vapor treatment indicated the tendency of 
lamellar structure parallel to the substrate spreading all over the membrane.  During the 
thermal treatment at enough high temperature, however, the P4VP segment containing CoTPP 
was still partially in glassy state due to its increased Tg.  In the solvent vapor annealing 
process, the usage of good solvent for all components of the membrane enhanced the 
flexibility of segments in the block copolymer and facilitated the microphase-separation. 
 
 
 
 
 
 
 
 
 
 
The results revealed the strong effect of substrate to the microstructure of the block 
copolymer.  Exactly as mentioned above, the microstructures tend to be parallel to the 
substrate, when there is large difference in the surface free energy between each segments and 
Figure 3.4.  Cross sectional TEM images of PANS-b-P4VP membranes.  (a) Block copolymer 
membrane annealed thermally (at 170
o
C) and (b) annealed with Chloroform vapor.  (c) Block 
copolymer/CoTPP complex membrane annealed thermally (at 170
o
C) and (b) annealed with Chloroform 
vapor.  All membranes are cast onto Teflon substrate, annealed for 48 h in inert atmosphere. 
(a) (d) (c) (b) 
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the substrate.  For the “neutralization”, the substrate was modified with cross-linkable 
random copolymer, whose composition was almost the same as block copolymer.
16-19
  For 
example, coumarin and its derivatives are well-known as a good cross-linking group in 
polymers due to its high selectivity in their cross-linking step.
20,21
 (In contrast, cross-linking 
with azide group is a result of non-selective reaction by reactive nitrenes.
22,23
) Moreover, the 
coumarin group can be loaded easily in the polymer chains: esterification or amidation of 
polymer chain,
24
 or copolymerization of vinyl-substituted coumarin monomers.
25
  Therefore, 
the random copolymer of styrene, 4-vinylpyridine and coumarin-substituted styrene (55/37/8, 
mol/mol/mol) was spin-coated onto a glass to give a thin membrane with 30 nm thickness.  
The block copolymer membrane was cross-linked with UV irradiation for 2 h.  The 
cross-linked membrane was highly insoluble, which did not dissolve at all after 30 min. 
immersion in DMF.  The microstructure of PANS-based block copolymers prepared on the 
modified substrate was shown in Fig. 3.5.  As far as PANS-b-P4VP membrane, the 
microstructure was normal to the substrate due to the neutralized surface of the substrate.  
The perpendicular microstructure was found in the range of 1 µm from the substrate, while 
the structure became parallel to the membrane surface at the other side of membrane.  As 
reported elsewhere,
26
 the substrate affected the microstructure to the range of 1 µm of the 
membrane.  In contrast, CoTPP/PANS-based block copolymer complex membrane indicated 
the lamellar structure parallel to the substrate.  The result would be caused by the incomplete 
surface neutralization, due to the different characteristics between P4VP and CoTPP-loaded 
P4VP.  However, due to the similar characteristics of PANS segment and polystyrene, the 
microstructure was found more clearly than the membrane prepared on the Teflon substrate. 
 
 
 
 
 
 
 
 
 
 
3.4 Reversible Oxygen Binding with Cobaltporphyrin-Block Copolymer
  Complex 
For the application as an oxygen enrichment membrane, CoPs coordinated with block 
copolymer ligands should bind oxygen reversibly, same as in the random copolymers.  
However, different to the random copolymer ligand, each pyridine groups locates closely.  
Figure 3.5.  Cross sectional TEM images of (a) PANS-b-P4VP membrane and (b) Block copolymer/ 
CoTPP complex membrane.  These membranes were prepared on the glass substrate modified with 
cross-linking random copolymer, and annealed with Chloroform vapor for 48 h. 
(a) (b) 
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Thus, the sixth coordination position of CoPs-pyridine would be occupied by other pyridine, 
which causes the decrease of the apparent oxygen binding affinity of CoP in the membrane.  
The oxygen binding property of the CoTPP/block copolymer complex was measured in 
solution state.  Moreover, clarify the effect of concentration or annealing procedure, the 
oxygen binding of the CoTPP/block copolymer complex membrane prepared through the 
solvent evaporation and annealing was also investigated. 
 
3.4.1 CoTPP/PMMA-based block copolymer complex 
The dichloromethane solution of CoTPP and PMMA-based block copolymers were 
mixed in the quarts cell directly for the UV-vis spectroscopy measurement.  With the change 
of partial oxygen pressure in the cell, the spectrum also changed reversibly between the deoxy 
(λmax = 411 nm) and the oxy (λmax = 432 nm) states, having the isosbestic point at 420 nm 
(Fig 3.6).  The p50 value was evaluated as 97 cmHg, that is almost the same order as random 
copolymer of MMA and 4VP.  The oxygen binding affinity of the CoP complex with 
pyridine-based copolymer ligands are relatively lower than that of  
 
 
 
 
 
 
 
 
 
 
 
 
imidazole-based copolymer ligand, because of the difference of π donor properties between 
the pyridine and imidazole.
8,27
  In the case of CoTPP/block copolymer membrane prepared 
in the same procedure as the chapter 3.3.1, the UV-vis spectrum also showed the reversible 
change derived from the reversible oxygen binding of the CoPs.  Although the UV-vis 
spectrum suggested the existence of the six-fold coordinated CoPs, oxygen binding active 
five-fold coordinated CoPs also remained after the thermal annealing and showed the 
reversible spectral change.  In the case of PMMA-based block copolymers, the preparation 
in atmospheric condition (presence of oxygen) would cause the irreversible oxidation on the 
part of CoPs in the membrane.  The irreversible oxidation would be suppressed by the 
preparation of membrane in inert condition. 
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Figure 3.6.  UV-vis spectra of CoTPP/PMMA-b-P4VP complex measured with change of partial 
oxygen pressure at -30
o
C. 
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3.4.2 CoTPP/PA+S-based block copolymer complex 
Focusing the chemical structure of PANS segment, the cyano group is considerable to 
trigger the deactivation of CoP, due to the strong coordination between the metalloporphyrin 
and cyano group.  First, the UV-vis spectrum of CoTPP/block copolymers was measured.  
There found no deactivation during the nitrogen bubbling, however, the spectral change of 
CoP on the increase of partial oxygen pressure in the solution was irreversible.  In the 
solution state the mobility of polymer chain would be increased drastically, so that the 
accessibility of the cyano group to CoPs also increased.  However, no deactivation in the 
inert condition suggested that the CoTPP/PANS-based block copolymer membrane should be 
prepared also in inert condition.  Furthermore, for the observation of reversible oxygen 
binding of CoPs, the membrane state is desirable, where the mobility of polymer chain would 
be strongly restricted.  
 
3.5 Facilitated Oxygen Transport through Cobaltporphyrin-Block  
 Copolymer Complex Membrane 
The CoTPP/PMMA-based block copolymer membrane was prepared through the solvent 
(chloroform) vapor annealing.  For the gas permeability measurement, the membrane was 
formed on the porous support membranes with nanometer thickness.  Because, the free 
standing membrane was so brittle that the membrane cracked easily during the permeability 
measurement.  The membrane thickness was evaluated to be ca. 600 nm from the cross 
sectional SEM image.  The oxygen and nitrogen permeability (PO2 and PN2, respectively) 
were measured with low vacuum permeation apparatus.  The PO2 was higher than that of the 
PN2 and increased with a decrease in the upstream pressure, while the PN2 was independent of  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.7.  Oxygen (closed plots) and nitrogen (open plots) permeability coefficients of CoTPP/ 
PMMA-b-P4VP complex membrane at 30
o
C.  The membrane was annealed with chloroform vapor for 
48 h after preparation.  [CoTPP] = 15 wt%.  p is the upstream gas pressure. 
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the upstream pressure.  As reported in chapter 1.5, the facilitated oxygen transport through 
the oxygen carriers became dominative in lower oxygen upstream pressure region, while the 
physical diffusion through the polymer chains was dominative in higher oxygen upstream 
pressure region, respectively.  The PN2 of the membrane was 0.03 Barrer, which is the value 
intermediate between the PMMA (0.01 Barrer) and P4VP (0.12 Barrer).
28
  There was the 
same tendency on the PO2 of the membrane; the value was 0.2 Barrer at higher upstream 
pressure region, where the PO2 of PMMA and P4VP is 0.15 Barrer and 0.7 Barrer, respectively.  
The oxygen/nitrogen permselectivity, defined as the value of PO2/PN2 at an upstream pressure 
of 1 cm Hg, was 7.8. 
 
3.6 Correlation between Microphase-Separated Structure and Facilitated  
 Oxygen Transport 
As mentioned above, CoPs in the random copolymer ligand were dispersed uniformly.  
The results of the oxygen/nitrogen permselectivity on the random and block copolymer 
membranes were compared to investigate the correlation between the microstructure of 
membrane and the efficiency of oxygen enrichment.  The content of CoTPP in the polymers 
was fixed at 15 wt%.  The permselectivity of the random copolymer and block copolymer 
with lamellar microstructure was 8.2 and 7.8, respectively.  Unfortunately, the value of the 
block copolymer was slightly lower than that of random copolymers.  However, the result 
was reasonable considering the direction of the microstructure formed in the block copolymer 
membranes.  The lamellar structure was parallel to the substrate, which is perpendicular to 
the gas permeation direction.  On the permeation, gas molecules should pass the numbers of 
boundaries of two segments in the polymer, so that the oxygen permeation was facilitated 
inefficiently.  Conversely, the membrane with continuous microstructures perpendicular to 
the substrate would facilitate the oxygen transport more efficiently. 
 
3.7 Experimental Part 
Materials and Chemical Characterization 
The block copolymers (PMMA-b-P4VP and PANS-b-P4VP) were prepared by sequential 
controlled/living radical polymerization, as described in chapter 2.  Corresponding random 
copolymers were prepared by conventional free radical polymerization with radical initiators 
(AIBN or BPO).  CoTPP (Aldrich Co.) and solvents were used without further purification. 
1
H NMR spectra were recorded using a JEOL Lambda 500 spectrometer to determine the 
copolymer ratio of random copolymer.  Glass transition temperatures of the copolymers or 
its complex with CoTPP were measured with a TA Instruments DSC Q200. 
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Preparation of cross-linkable random copolymer for substrate modification 
 
 
 
 
 
 
 
4-Vinylbenzoic acid (1.50 g, 10 mmol) and 7-hydroxycoumarin (2.46 g, 15 mmol) was 
dissolved in dry dichloromethane (150 mL).  1-Ethyl-3-(3-dimethylaminopropyl) 
carbodiimide hydrochloride (2.33 g, 12 mmol) and 4-(,-dimethylamino)pyridine (0.62 g, 
5.1 mmol) was added and the solution was stirred for 6 h under argon atmosphere.  The 
reaction mixture was washed with ammonium chloride aqueous solution, dried over sodium 
sulfate and purified by silica gel chromatography (eluent: chloroform/methanol = 20/1).  
After the solvent evaporation, the monomer 7-coumarinyl-4’-vinyl benzoate as a white 
powder (2.63 g, 66% yield).  
1
H NMR (Acetone-d6, 500 MHz; ppm) δ 5.59 (d, 1H, vinyl), 
6.17 (d, 1H, vinyl), 6.55 (d, 1H, -C(=O)-CH=CH-), 7.02 (q, 1H, vinyl), 7.44 (q, 1H, ArH), 
7.49 (q, 1H, ArH), 7.83 (d, 2H, ArH), 7.92 (d, 1H, ArH), 8.15 (d, 1H, -C(=O)-CH=CH-), 8.29 
(d, 2H, ArH).  
13
C NMR (Acetone-d6, 125 MHz; ppm) δ 111.1, 116.7, 117.8, 119.4, 127.4, 
129.1, 130.0, 131.3, 136.8, 143.9, 144.1, 154.5, 155.7, 160.3, 164,7.  MS (FAB): m/z  293.1 
[M
+
], 292.3 (calcd). 
Styrene (0.94 g, 9.2 mmol), 4-vinylpyridine (0.41 g, 3.8 mmol) and 
7-coumarinyl-4’-vinyl benzoate (0.20 g, 0.68 mmol) was dissolved in dry DMF (3 mL).  
-tert-butyl--[1-diethylphosphono(2,2- dimethylpropyl)] nitroxide (DEPN) (14.6 mg, 5.0 x 
10
-2
 mmol) and benzoyl peroxide (5.7 mg, 2.3 x 10
-2
 mmol) was added in the solution.  The 
reaction mixture was heated to 80
o
C for 4 h, and 110
o
C for more 4 h.  Then the reaction 
mixture was precipitated twice into diethyl ether  The precipitate was filtered and dried 
under vacuum at 60
o
C to give the cross-linkable random copolymer (0.36 g, Mn = 3.0 x 10
4
, 
PDI = 2.0) as a white powder.  The molar ratio of styrene/4-vinylpyridine/7-coumarinyl- 
4’-vinyl benzoate was determined as 55/37/8 from elementary analysis. 
 
Membrane preparation 
The copolymers containing pyridine group and CoTPP were dissolved into chloroform or 
DMF separately.  The molar ratio of CoTPP to pyridine group in the copolymers was in the 
range of 1/5 to 1/20.  After complete dissolution, two solutions were mixed and stirred 
additionally.  The resulted homogeneous solution was cast onto the substrate.  As the 
substrate, Teflon board, glass plate and grassy carbon plate were employed.  The solvent was 
Scheme 3.1  Preparation of cross-linkable random copolymer. 
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evaporated in vacuum overnight at ambient temperature.  Some of the prepared membrane 
with substrates was then thermally annealed in a drying oven (PMMA-based block 
copolymer) or on a hot plate (PANS-based block copolymer).  Other membranes were kept 
in closed Petri dish containing annealing solvent (chloroform or DMF), where was filled with 
solvent vapor.  In the case of solvent annealing, the membrane was dried in vacuum 
additionally after the solvent vapor treatment.  All procedure was performed in atmospheric 
condition (PMMA-based block copolymer) or in inert condition (for PANS-based block 
copolymer).  In each annealing process were continued for 2 days.  
 
Substrate modification 
The chlorobenzene solution of cross-linkable random copolymer (conc. = 10 g l
-1
) was 
spin-coated on a glass substrate using a spin coater (Mikasa spin coater MS-A100) at 6000 
rpm.  After UV irradiation (Ushio Inc. USH-250D, 40 mJ/cm
2
), the substrate was washed 
with DMF to remove any soluble part of the polymer.  The film thickness was estimated 
using a contact stylus profiler (KLA Tencor P-15) to be 30 nm. 
 
UV-vis spectroscopy measurement 
Dichloromethane solutions of CoTPP and copolymers containing pyridine group were 
mixed for complexation at low temperature under nitrogen atmosphere.  The molar ratio of 
CoTPP to pyridine residue in the copolymers was fixed to 1/10.  For the measurement of the 
processed membrane, CoTPP/copolymer complex membranes were dissolved directly in 
dichloromethane, followed by bubbling nitrogen.  Spectroscopic changes on the CoTPP 
absorption was observed at the different partial oxygen pressure.  The absorption spectra 
were monitored using a JASCO V-550 UV-vis spectrometer. 
 
TEM of the block copolymer membrane 
The membranes prepared as described above were fixed in an epoxy resin, followed by 
microtoming to 70 nm thickness laminas.  Then the laminas of the block copolymer 
membrane were collected onto electron microscope grids and stained with RuO4 vapor for 40 
min.  The stained samples were dried under vacuum overnight before TEM observation.  
TEM image were observed using a JEOL 1011 TEM with an accelerating voltage of 100 kV 
in bright-field mode. 
 
Gas permeability measurement 
For the gas permeability measurement, the CoTPP/PMMA-based block copolymer 
complex membrane was prepared on porous supporting membrane (Polyacrylonitrile) using a 
barcoater to obtain nanometer-thickness membrane.  The thickness was determined from the 
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cross sectional SEM image of the membrane to be 600 nm.  The oxygen (PO2) and nitrogen 
(PN2) permeability coefficents for various upstream gas pressures were measured with a low 
vacuum permeation apparatus in the chamber with a stable thermoset (Rika Seiki K-315N-03).  
The pressures on the upstream and the downstream sides were detected using the Baratron 
absolute pressure gauge. 
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4.1 Introduction 
A polymer electrolyte fuel cell (PEFC) is promising as an efficient electrical power 
generation, consuming hydrogen and oxygen gases and producing only H2O.  The efficiency 
of oxygen supply to the cathode is one of the important factors in determining the 
performance of PEFC.
1,2
  Oxygen is reduced at the cathode in the three-phase boundary 
composed of the gas, the polymer electrolyte layer and the Pt/C catalyst.
1,2
  A sufficient 
amount of the polymer electrolyte increases the active surface area of the catalyst, providing 
an adequate supply of protons.  However, the polymer electrolyte layer could limit the mass 
transport of the oxygen gas because of the lower diffusivity within the layer, resulting in the 
suffocation of the cell.  Thus, as far as operating PEFC with air, the reduction current can be 
frequently limited by the oxygen depletion.
3-5
  Our previous report on an oxygen sensing 
material demonstrated that oxygen is indeed depleted at the end of gas-flow channel.
2
  One 
way to enhance the oxygen reduction current is to apply pure oxygen to the cathode.  
However, the mixed loading of the fuel gas (i. e. hydrogen) and oxygen is undesirable in 
terms of safety.  Furthermore, stored oxygen gas occupies much space, resulting in not only 
the enlargement but also increased complication of the entire system.  A simple and safe 
oxygen enrichment process should promote the use of abundant air, which is advantageous 
from the viewpoint of cost and handling use. 
The catalytic surface where oxygen reduction takes place is covered by a polymer 
electrolyte membrane, such as Nafion.  The oxygen (air) in the gas-flow channel is dissolved 
into the polymer electrolyte membrane, and then reduced on the surface of catalyst.  A 
proton conductive electrolyte membrane which also takes up oxygen from air and facilitates 
oxygen transport to the surface of catalyst is expected to enhance the oxygen supply to the 
catalyst, resulting in the larger current for the reduction of oxygen (Fig. 4.1). 
A number of polymer-blended, metal- and metal complex-loaded Nafion membranes have 
been reported for the improvement of proton conductivity, the suppression of methanol 
permeability and the catalytic applications.
6-10
  However, no attempt has been made to 
enhance the oxygen permeability by introducing an oxygen carrier to the membrane.  It may 
be noted that there are some studies where specific species were loaded into the Nafion 
membrane and distributed in the hydrophobic domain.  Our group reported that the 
reversible oxygen binding on the cobaltporphyrin (CoP) can be used as the facilitated oxygen 
transport, allowing oxygen enrichment through a CoP-loaded solvent-free membrane.
11,12
  
Within the polymer membrane, a CoP-imidazole complex binds oxygen and releases it rapidly 
and reversively, according to the equilibrated oxygen concentration.  The CoP complex fixed 
in a polymer membrane facilitates the oxygen transport through the membrane, based on the 
fast kinetics of the oxygen hopping between the binding sites.  A number of polymer 
matrices such as poly(alkylmethacrylate)s and their copolymers with vinyl imidazoles have 
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been reported as axial ligands to fix CoP in the membrane.
13-16
 
In this study, we report on the attempt to facilitate the oxygen transport across the Nafion 
membrane, with a view to enhance the oxygen transport on the cathode surface of PEFC.  
The effect of the oxygen enrichment by the membranes was assessed, not only by gas 
permeation measurements but also by electrochemical techniques using modified electrodes. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4.2 Distribution of Cobaltporphyrins in afion membrane 
In the preparation of the CoP-loaded Nafion membrane, hydrophobic porphyrins and 
N-benzylimidazole were employed.  The hydrophilic species are anticipated to locate mainly 
in the hydrophilic domain of Nafion, which most likely decrease the proton conductivity of 
the membrane.  Furthermore, the hydrophilic species will be eluted from the membrane by 
water.  Hydrophobic CoTPP or CoFPP and N-benzylimidazole remained intact even after the 
prolonged immersion of the membrane in water.  The CoP-loaded Nafion membrane was 
obtained as a reddish membrane.  The UV-vis spectrum of the deoxy CoP (λmax = 412 nm) in 
CH2Cl2 was changed into the spectrum with the absorption maximum at 429 nm assigned to 
Figure 4.1.  Schematic image of oxygen enrichment at the cathode of fuel cell. 
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the oxygen adduct (oxy) of CoP after the exposure to oxygen.  The oxy-deoxy spectral 
change was reversible in response to the partial oxygen pressure of the atmosphere, with 
isosbestic points at 420 nm.  The UV-vis spectrum of the CoP-loaded Nafion membrane 
(λmax = 413 nm) indicated that, although the interior of the Nafion membrane has an acidic 
environment, most of the CoP complex was fixed in the hydrophobic domain of Nafion 
without irreversible oxidation of oxygen-binding Co(II) to inactive Co(III).  Thus, the CoP 
complex fixed in the Nafion membrane was expected to act as an oxygen carrier after the 
fixation.  Optimal conditions were tuned by employing the hydrophobic species, and the 
molar ratio of CoP and BIm = 1:2 to minimize the loss of BIm from the hydrophobic domain, 
in order to yield a five coordinated oxygen-philic complex preferentially.  Control 
experiments using excess BIm resulted in a decrease in proton conductivity and gas 
permeability due to the dissolution of BIm into the hydrophilic domain. 
The microphase-separated structure of the Nafion membranes was observed in the TEM 
images (Fig. 4.2).  The TEM image of the Nafion stained with RuO4 indicated the presence 
of the connected hydrophilic domain as the black round shaped area with a 5-7 nm diameter, 
as has been reported in the literature.
17
  Observation of the microphase-separation of the 
unstained CoP-loaded membrane was unsuccessful.  Reasoning that CoP was distributed not 
only in the hydrophobic domain but also in the hydrophilic part to some extent (vide infra), 
we turned to the observation of stained samples.  For the stained CoP-loaded Nafion 
membrane, the similar black area with a distinct connectivity was observed.  The image 
indicated that the incorporation of CoP did not break the microphase separation.  A slight 
increase in the size of the unstained hydrophobic domain is considered to reflect the 
incorporation of the hydrophobic CoP. 
 
 
 
 
 
 
 
 
 
The ratio of the CoP complex located inside the hydrophobic domain of the Nafion to the 
total loaded amount in the membrane was determined by the extraction experiments.  The 
CoP-loaded Nafion membranes were immersed in conc. H2SO4 that most likely soaked into 
the hydrophilic domain of Nafion and dissolved the CoP out of the membrane, and was 
equilibrated for one day.  The extract was diluted with purified H2O for the UV-vis 
Figure 4.2.  TEM images for the Nafion membrane (a) and the CoP-loaded Nafion membrane (b).  
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measurement.  The amount of CoP in the diluted extract was calculated with the calibration 
curve.  For the preparation of calibration curve, pre-determined amount of CoP was also 
dissolved in conc. H2SO4 and diluted with purified H2O considering the demetallation from 
CoP by the strong acid.  From the CoTPP-loaded Nafion membrane, 55% of the loaded 
complex was extracted, while the ratio for the more hydrophobic, fluorinated CoFPP-loaded 
Nafion membrane was only 15%.  The result indicated that the fluorinated CoFPP complex 
was more likely incorporated into the hydrophobic domain of the Nafion membrane.  The 
enhanced affinity of the CoFPP for the fluorocarbon backbone facilitated the localization of 
the complex to the hydrophobic domain of the Nafion.  The localization of the CoP in the 
hydrophobic domain is advantageous for use as an oxygen-enriching membrane at the 
electrode, because the presence of CoP may not interfere with the overall proton conductivity 
which takes place through the hydrophilic domain (vide infra). 
 
4.3 Proton Conductivity of the Membrane 
The proton conductivity of the CoP-loaded Nafion membranes was evaluated by 
impedance analysis (Fig. 4.3).  The proton conductivity of the pristine Nafion membrane 
([CoP] = 0 wt%) was a little lower than the literature data (10
-1
-10
-2
 S cm
-1
), due to the 
omission of the conventional pretreatment process.  The CoP-loaded Nafion membrane was 
incompatible to the pretreatment process, because all prepared membranes changed in size 
drastically during the process, and exfoliated from the gold plate for the proton conductivity 
measurement.  Therefore to uniform the conditions for the membrane preparation, all 
measurements were performed using the membrane prepared without the pretreatment process.  
However, the observed qualitative trends sufficed to provide insights into the effect of CoP, 
based on the control experiments which showed the coincidence of the proton conductivity of 
the pristine membrane after the pretreatment process with that of the literature data.  For 
both membranes containing CoTPP and CoFPP, the proton conductivity decreased with an  
 
 
 
 
 
 
 
 
 
 
 
Figure 4. 3.  Proton conductivity of the CoTPP-loaded (○) and CoFPP-loaded (●) Nafion membranes 
at 25
o
C, RH=100%. 
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increase in the CoP content, which suggested that the CoP and imidazole were located 
partially in the hydrophilic domain of Nafion to hinder proton conduction through the 
membrane.  However, the proton conductivity of the CoFPP-loaded Nafion membrane was 
not decreased as significantly as the CoTPP-loaded Nafion.  The localization of the CoFPP 
complex in the hydrophobic domain is considered to maintain the proton conductivity of the 
Nafion. 
 
4.4 Facilitated Oxygen Transport through the Membrane 
The oxygen and nitrogen permeability of the membranes were evaluated by the 
permeability measurements (Fig. 4.4).  For the Nafion membrane without any complexes, 
both PO2 and PN2 were low as has been reported previously
18
 and were independent of the 
upstream oxygen and nitrogen pressure.  The oxygen/nitrogen permselectivity, defined as the 
value of PO2 / PN2 at an upstream pressure of 77 cmHg, was 1.9.  In the case of the 
CoP-loaded Nafion membrane, the PO2 was higher than that of the PN2 and increased with a 
decrease in the upstream pressure, while the PN2 was independent of the upstream nitrogen 
pressure.  The PO2 of a deactivated CoP-loaded Nafion membrane was also low and 
independent of the upstream oxygen pressure. These results indicated that the CoP complex 
facilitated the oxygen transport through the Nafion membrane. 
The oxygen/nitrogen permselectivity increased with the CoP content (Table 4.1).  A 
membrane with higher oxygen permeability was obtained using CoFPP.  In the study using 
the CoFPP, a high affinity for the fluorocarbon backbone of Nafion resulted in the localization 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.4.  Oxygen (PO2, closed plots) and nitrogen (PN2, open plots) permeability coefficients for the 
CoFPP-loaded Nafion (●), deactivated CoFPP-loaded Nafion (■) and Nafion (♦) membranes at 25
o
C.  
[CoFPP] = 20 wt%. 
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of CoP in the hydrophobic domain. The CoFPP complex closely-localized in the hydrophobic 
domain effectively facilitated the oxygen transport by serving as the oxygen binding and 
hopping site, allowing the rapid binding and release of oxygen diffusing across the membrane.  
The oxygen-binding affinity (p50, defined as the partial oxygen pressure at which half of the 
CoP binds oxygen) of the CoFPP complexed with BIm was 17.9 cmHg, which was lower than 
the value of the CoTPP.
16
  The lower oxygen binding affinity of the CoFPP resulted in a 
significant increase in the oxygen/nitrogen permselectivity up to 14.  The lifetime of the CoP 
was also longer for the CoFPP than that for the CoTPP as a result of the hydrophobic 
environment, which was desirable for the long-time use in the composite CoP-loaded 
membrane. 
 
4.5 Electrochemical Reduction of Oxygen on Modified Electrodes with the  
Cobaltporphyrin / afion Membrane 
On the modified glassy carbon electrode, one could expect that the CoP-loaded Nafion 
membrane takes up oxygen near the surface of cathode through the reversible binding of 
oxygen, resulting in the increase in the oxygen reduction current.  The oxygen reduction 
current on the modified electrodes was measured chronoamperometrically.  The 
conventional Pt/C catalyst was employed to allow sufficiently rapid electron transfer for the 
oxygen reduction, allowing diffusion limited reduction of oxygen at the electrode.  
Furthermore, the potential was fixed at a value of -0.1 V (vs. Ag/AgCl) where the oxygen 
reduction should proceed with a sufficiently large overpotential. 
The CoP complexes have been found to be stable even under the acidic conditions 
employed in this study.  In the Nafion membrane, the complex located in the hydrophobic 
fluorocarbon domain persisted without degradation under the acidic conditions.  In the case 
of the CoTPP, the binding and releasing of oxygen determined by laser flash photolysis are 
quite rapid with the rate constants of 1.3 × 10
9
 M
-1
 s
-1
 and 1.7 × 10
8
 s
-1
, respectively.
19
  The 
CoFPP also showed similar oxygen binding characteristics.  These values suggest that the 
oxygen binding and releasing processes may not be the rate-determining step for the overall 
electrochemical reduction of oxygen. 
The diffusion-limited behavior was demonstrated by the linearity of the Cottrell plots 
CoP content (wt%)
0
5
10
20
CoTPP
2.1
3.2
6.5
8.5
CoFPP
2.1
5.0
10   
14   
Table 4.1.  Oxygen/nitrogen permselectivity (PO2/PN2) of the Nafion membranes with various contents 
of the CoP complex at 25
o
C 
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obtained for the reduction of oxygen (vide infra).  The oxygen reduction current was 
recorded every 0.5 s after applying a potential pulse at E = -0.1 V vs. Ag/AgCl (Fig. 4).  The 
current was normalized with the active surface area of Pt on the electrode, which was 
evaluated by the charge consumed for the oxidation of the adsorbed hydrogen in the cyclic 
voltammograms, assuming a value of 220 µC cm
-2
 for the oxidation of the adsorbed hydrogen 
on the Pt surface.
4
 
During the measurement, the i - t
-1/2
 (Cottrell) plots of all samples showed linear regions, 
which corresponded to the semi-infinite diffusion of oxygen in the membrane attached to the 
electrode.  In the beginning of the measurement before the diffusion-limited region (t < 1 s) a 
large non-faradaic current was observed.  Deviation from linearity was also obtained for 
electrolysis at the prolonged time of measurement (t > 20 s) which was ascribed to the effect 
of the finite diffusion of oxygen. 
The oxygen diffusivity (D) through the Nafion membranes on the surface of electrode, 
and the local oxygen concentration (C) on the surface of electrodes are both reflected in the 
slope of the Cottrell plot expressed as nFACπ
-1/2
D
1/2
.  A comparison of the slopes obtained 
from the electrodes equilibrated under air, modified with the Nafion and the CoP-loaded 
Nafion membrane, revealed that oxygen reduction current increased in the presence of CoP.  
In the CoP-loaded Nafion membrane, the CoP is considered to bind oxygen molecules and 
facilitated the oxygen dissolution into the membrane.  Oxygen was accumulated near the 
surface of the electrode by CoP, resulting in the increase of oxygen reduction current. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.5.  Cottrell plot for the oxygen reduction on the modified glassy carbon electrodes after the 
application of a potential pulse at -0.1 V vs. SCE.  The electrodes were coated with Nafion(○), 
CoTPP/Nafion(□), or CoFPP/Nafion(♦) membrane. [CoP] in membranes = 10 wt%.  The electrolyte 
solution was saturated with air. 
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Furthermore, the slope of the Cottrell plots of the modified electrodes indicated that the 
oxygen diffusivity through the Nafion membrane, D, was likely to be enhanced slightly by the 
CoP-loading.  The oxygen concentration on the surface of electrode, C, was able to be 
estimated as mentioned below, so that we coulddiscuss the contribution of D and C separately. 
Comparison of oxygen reduction current between those obtained in the presence and the 
absence of CoTPP on the modified electrodes revealed that the CoTPP-loaded Nafion 
enhanced the current up to ca. 130 % versus the pristine Nafion.  The enhancement was 
ascribed to the accumulation of oxygen in the Nafion membrane, which is able to be 
calculated with the oxygen physical solubility of Nafion, and the molar amount of oxygen 
bound to the CoP loaded into Nafion.  Physically dissolved amount of oxygen within Nafion 
is calculated with the oxygen solubility coefficient
20
 and the volume of Nafion membrane on 
the surface of the electrode (6.9 × 10
-10
 mol).  The amount of oxygen bound to CoP is 
assessed by the product of the concentration of active CoP (defined as the CoP distributed into 
the hydrophobic domain of Nafion) in the membrane and the ratio of the oxygen-binding CoP 
to the total amount in the membrane.  At 25
o
C, the p50 of CoTPP is calculated as 930 cmHg, 
so that the molar amount of oxygen bound to CoP was calculated to be 7.8 × 10
-11
 mol in 
atmospheric pressure.  According to the calculation, the CoTPP loaded in the Nafion 
membrane increased the inside oxygen concentration by 10 %.  The other 20% increase was 
likely to be attributed to the enhancement of oxygen diffusivity through the membrane with 
CoTPP loading.  These results supported that the CoP loaded into Nafion membrane acts as 
an oxygen binding and hopping sites. 
The results on the modified electrode with different CoP species were compared.  Both 
CoTPP and CoFPP indicated the similar value on the slope of Cottrell plots, however, 
CoFPP/Nafion membrane resulted in the higher permselectivity on gas permeability 
measurements.  As noted above, the slope of Cottrell plots depends on D and C, which are 
evaluable with oxygen-binding affinity of CoPs.  For the higher oxygen permselectivity 
indicated on the result of gas permeability measurements, D through the CoFPP-loaded 
Nafion membrane was considered to be higher than that of CoTPP-loaded membrane.  In 
contrast, CoTPP-loaded membrane dissolves more oxygen than CoFPP-loaded one.  The 
extent of C within membranes was evaluated relative to the concentration of active CoPs and 
the oxygen-binding affinity of CoPs.  The concentration of active CoPs is approximatery in 
the same order of magnitude (9.6 × 10
-9
 mol and 1.2 × 10
-8
 mol for CoTPP-Nafion and 
CoFPP-Nafion, respectively), so that C reflected mainly the oxygen-binding affinity of CoPs 
(9.3 × 10
2
 cmHg and 1.3 × 10
4
 cmHg for CoTPP and CoFPP at 25
o
C, respectively). The 
compensation of D and C resulted in the similar slope of Cottrell plots.  For more effective 
oxygen enrichment on the electrode, search for the oxygen carrier with higher oxygen-binding 
affinity which will increase C within the Nafion is one of the subjects of our ongoing research.   
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Highly-fluorinated oxygen carrier will be also effective to enhance D, due to the dense 
localization only in the hydrophobic domain of Nafion. 
In the fuel cell, especially at the end of the gas-flow channel, the partial oxygen pressure 
decreases due to the oxygen consumption.  The membrane reported in this paper will supply 
oxygen rapidly to the surface of catalyst particularly at the end of gas-flow channel, where the 
partial oxygen pressure is decreased, results in increase of oxygen consumption efficiency. 
 
4.6 Experimental Part 
Materials 
Nafion solution (5 wt% in an 8:2 mixture of aliphatic alcohol and water, Aldrich Co.), 
meso- tetraphenylporphyrinatocobalt (CoTPP, Aldrich Co.) and perchloric acid (60%, Kanto 
Chem. Co.) were used without further purification.  -Benzylimidazole (BIm, Aldrich Co.) 
was sublimated prior to use. meso-Tetrakis(pentafluorophenyl)porpyrinatocobalt (CoFPP) was 
prepared from the free-base porphyrin, according to the literature.
21
  A platinum-embedded 
carbon powder (Pt/C) as a catalyst for the oxygen reduction was obtained from the Tanaka 
Kikinzoku Kogyo Co.  
 
Preparation of a CoP-loaded afion membrane 
CoP and BIm were dissolved in THF, followed by mixing with the Nafion solution.  The 
conditions were fixed at a molar ratio of CoP and BIm = 1:2 and Nafion concentration in the 
solution = 1.5 g l
-1
.  The resulting homogeneous solution was cast on a Teflon plate and dried 
under vacuum to produce a reddish membrane with a 30 µm thickness.  For gas permeation 
measurements the CoP-loaded Nafion solution was cast on a porous support membrane 
(polyacrylonitrile) using a barcoater, in order to obtain a high gas permeance.  After 
removing the solvents, a CoP-loaded Nafion membrane was obtained with 150 nm thickness, 
which was estimated from the cross sectional SEM image. 
 
Preparation of samples for TEM observation 
For TEM observations, the Nafion membranes were prepared on a Teflon plate.  The 
membrane was fixed in an epoxy resin by Spurr’s method.  The fixed Nafion membranes 
were sliced to a 30 nm thickness using a microtome.  The laminas of the Nafion membrane 
were collected onto electron microscope grids, followed by staining with RuO4 vapor for 40 
min.
17
  After the staining, the samples were dried under vacuum for a day. 
 
Proton conductivity measurements 
Proton conductivity of the membranes was measured using an Autolab PGSTAT30 AC 
impedance analyzer (Eco Chemie Co.) over a frequency range from 1 Hz to 1 MHz.  For 
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conductivity measurements, the CoP-loaded Nafion membrane was directly formed on the 
gold disk with a 15 mm diameter.  Before the measurement, the membranes on the gold 
disks were immersed in distilled water for at least a day. 
 
Gas permeability measurements 
The oxygen and nitrogen permeability coefficients (PO2 and PN2) of the CoP-loaded 
Nafion membranes were measured with a permeation apparatus.
22
  The gas permeability 
coefficient P (cm
3
 (STP) cm / cm
2
 s cmHg) is defined as follows; 
P = R l ∆p
-1
 A
-1
 
Here, R is the volumetric gas permeation rate (cm
3
 s
-1
). l and A are the thickness (cm) and the 
permeation area (cm
2
) of the membrane, respectively. ∆p is the difference between the 
upstream and permeate side pressures (cmHg).  The upstream pressure range was 77-152 
cmHg, while the permeate side pressure was atmospheric (76 cmHg). 
 
Preparation of modified electrodes 
As a working electrode to evaluate oxygen permeability by electrochemical 
measurements, a glassy carbon electrode with a 6 mm diameter was modified with the 
membrane.  Before the modification, the surface of the electrode was polished, followed by 
cleaning in distilled water with ultrasonic irradiation.  The Pt/C (2 mg) powder was 
dispersed in 2-propanol (0.4 ml), and then a portion of the dispersion (10 µl) was transferred 
onto the glassy carbon electrode, which was dried in air.  The CoP-loaded Nafion solution 
was prepared as described above with the conditions of the molar ratio of CoP and BIm = 1:2 
and volumetric ratio of the Nafion solution and THF = 1:2.  The CoP-loaded Nafion solution 
(8 µl) was carefully dropped onto the surface of the electrode to cover the Pt/C layer, followed 
by removing the solvents under vacuum.  The thickness of the resulting Nafion layer was ca. 
2.6 µm, which was calculated based on the amount of Nafion, the surface area of the electrode, 
and the density of Nafion (1.58 g cm
-3
). 
 
Electrochemical measurements 
The modified glassy carbon electrode was used as the working electrode.  A platinum 
ring was used as the auxiliary electrode.  Ag/AgCl was used as the reference electrode, 
which was placed in the main cell compartment.  An aqueous solution of HClO4 (0.1 M) was 
used as the electrolyte.  The standard potential for the four-electron reduction of oxygen to 
H2O was 1.03 V (vs. Ag/AgCl) under acidic conditions.
23
  All measurements were carried 
out using a PARSTAT 2263 Advanced Electrochemical System (Princeton Applied Research 
Co.) using an RRDE-1 rotator (NIKKO KEISOKU Co.). 
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5.1 Introduction 
In chapter 4, the Nafion membrane containing cobaltporphyrin(CoP) as a fixed oxygen 
carrier was prepared.
1
  The membrane has proton conductivity, while the oxygen transport 
through the membrane was facilitated by cobaltporphyrin.  The result was the first example 
of facilitated oxygen transport through such an acidic polymer matrix.  CoP could facilitate 
the oxygen transport through Nafion membrane, due to the localization of CoP in the 
hydrophobic domain of Nafion.  As mentioned in chapter 1.4, oxygen-binding CoP is 
oxidized irreversibly and easily in the presence of proton source, such as water or acid.  
Hence the CoP distributed in the hydrophilic domain of Nafion would be oxidized by 
adsorbed water or sulfonic acid group, resulting in the lost of oxygen binding property.  
Moreover, localization of CoP in the hydrophobic domain affected the proton conductivity of 
the membrane strongly, as revealed in chapter 4.  The localization ratio, defined as the molar 
ratio of CoP localized in the hydrophobic domain of Nafion to the total loaded amount of CoP, 
depended on their chemical structure and characteristics of CoPs.  The fluorine-substituted 
cobaltporphyrin (CoFPP) indicated the high localization ratio, however, still 15 % of the total 
loaded amount of CoFPP located in the hydrophilic domain of Nafion and prevented the 
proton migration.  It was reported that metal-containing compounds located in the 
hydrophilic domains tremendously decreased the proton conductivity
2,3
.  To localize oxygen 
carrier in the hydrophobic, perfluoroethylene-backbone domain of Nafion, the fluorophilicity 
of oxygen carrier is important factor to determine the localization ratio.  In terms of 
“fluorous chemistry”, multiply fluorine-substituted CoPC could be more compatible with 
fluorinated phases such as hydrophobic domain of Nafion, than the non-fluorinated 
compounds
4,5
. 
For enhancement of the facilitated oxygen transport through the Nafion membrane 
containing oxygen carrier maintaining its high proton conductivity, the author focused on a 
tunable chemical property of cobalt complexes as the oxygen carrier.  The authors’ group 
have previously examined various cobalt complexes as the oxygen carrier; 
cobalt-bis(salicylidene ethylenediamine)
6
, cobalt-poly(ethyleneimine)
7
 and cobalt 
phthalocyanine (CoPC)
8
.  Phthalocyanines, analogues of porphyrin, are well-investigated 
compounds as blue-colored dyes and pigments, and optical materials with high thermal and 
chemical stability
9
.  By considering the acidic, humid and high temperature condition inside 
PEFC, the high thermal and chemical stability of phthalocyanines is crucial advantage in 
testing them as the oxygen carrier incorporated in the Nafion membrane.  Phthalocyanines 
are generally synthesized by cyclization reaction of phthalonitrile or diiminoisoindoline 
derivatives, with a relatively higher yield than that of the porphyrin synthesis.  In this chapter, 
the author designed and synthesized a new perfluorinated cobaltphthalocyanine,  
2,3,9,10,16,17,23,24-octakis (2,2,3,3,3-pentafluoropropyloxy) cobaltphthalocyanine (CoFPC), 
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as the “fluorophilic” oxygen carrier to be preferentially placed in the hydrophobic 
perfluoroethylene domain of Nafion, leading to both high oxygen permeability and proton 
conductivity in the Nafion membranes.  Localization of the fluorophilic CoFPC oxygen 
carrier in the Nafion membrane and oxygen enriching performance of the membrane was 
described.     
 
 
 
 
 
 
 
 
 
 
5.2 Oxygen-Binding Affinity of Perfluorinated Cobaltphthalocyanine  
 Complexes 
A highly-fluorinated cobaltphthalocyanine, e. g., 1,2,3,4,8,9,10,11,15,16,17,18,22,23,24, 
25-hexadecafluoro cobaltphthalocyanine, is commercially available (Aldrich Co.).  However, 
it was poor in the solubility in organic solvents.  We designed CoFPC from the viewpoint of 
facile synthetic route; consisted of simple Williamson reaction for the fluorine-substitution 
and cyclization reaction (Scheme 5.1).
9,10
  Moreover, the long fluoroalkoxy chains could 
enhance the solubility of phthalocyanine ring in the organic solvent.  Actually, CoFPC was 
soluble in THF, ethyl acetate, and lower aliphatic alcohols, and insoluble in dichloromethane, 
toluene and hexane, which was adequate for the following Nafion membrane preparation. 
 
 
 
 
 
 
Interaction of the cobaltphthalocyanine with oxygen was estimated by the reversible 
UV-vis spectra change of the CoFPC solution at low temperature under the different partial 
oxygen pressure.  The absorption spectrum (λmax = 310, 610 and 651 nm) attributed to the 
deoxy CoPC shifted to the spectrum (λmax = 355, 594 and 657 nm) attributed to the oxy CoPC 
with isosbestic points at 335, 591, 601 and 637 nm (Fig. 5.1).  The oxygen-binding affinity 
(p50, defined as the partial oxygen pressure at which half of the CoPC binds oxygen) of the 
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CoFPC complex was 336 cmHg at -50
o
C and larger than that of the CoBPC complex was (59 
cmHg).  The p50 values were reported 17.9 and 0.17 cmHg at -50
o
C for 
cobalt[tetrakis(pentafluorophenyl)porphyrin] and cobalt(tetraphenylporphyrin), respectively. 
Oxygen binding affinity of the fluorinated cobaltphthalocyanine complex was lower than that 
of the corresponding non-fluorinated complexes, which could be attributed to electron 
withdrawing effect of fluorine substituents. 
 
 
 
 
 
 
 
 
 
 
 
 
 
The solution of CoPC, BIm, and Nafion was cast to give a transparent and 
homogeneously membrane, which suggested a molecular-levelled dispersion of CoPC in the 
formed membrane.  UV-vis spectrum of the CoPC/Nafion membranes gave the same spectral 
change as that in the solution of CoPC was found.  The result suggested that any 
deactivation or demetallation of CoPCs did not occur after incorporation in the Nafion 
membranes. 
 
5.3 Effect of Fluorophilic Substituents for the Characteristics of CoPC /  
 &afion membrane 
CoFPC/Nafion was obtained as flexible free-standing membrane though the content of 
CoPC increased up to 20 wt%, while the CoBPC/Nafion with same CoPC content was 
obtained as brittle membrane.  In the DSC charts of CoPC/Nafion membranes, the glass 
transition temperature (Tg) of CoFPC/Nafion (134 
o
C) was obviously lower than that of 
Nafion (167
o
C), while the CoBPC/Nafion indicated the slightly higher Tg (170
o
C) than 
Nafion, respectively.  Addition of the molecules with rigid structure, such as phthalocyanines 
to polymeric materials would increase the Tg for limitation of the movement on polymer 
chains.  However, in the case of CoFPC, relatively long alkoxy chains around 
phthalocyanine ring would act as a plasticizer to decrease the Tg. 
Figure 5.1.  UV-Vis absorption spectral change of CoFPC–BIm complex with oxygen partial pressure 
in ethyl acetate at -50
o
C. 
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The distribution of CoPCs was estimated by the extraction of CoPC located in the 
hydrophilic domain of Nafion using conc. H2SO4.
1
  Comparing with CoFPP/Nafion (15% of 
total loaded amount was extracted), the extracted ratio for CoBPC/Nafion membrane was 
increased (35% of total loaded amount) due to the decrease on its fluorophilicity.  In contrast, 
surprisingly, almost all of the CoFPC was distributed in hydrophobic domain of the Nafion 
membrane.  The high fluorophilicity of octakis fluoroalkoxy substituents promoted the 
localization of CoFPC in the hydrophobic domain of Nafion membrane. 
The difference in the distribution of phthalocyanines was reflected in the proton 
conductivity directly.  Dependency of the proton conductivity on the content of CoPCs was 
shown in Fig. 5.2.  Comparing with CoPs, CoFPC/Nafion membrane maintained the 
relatively higher proton conductivity than the CoFPP/Nafion because of the strong 
localization of CoFPC in the hydrophobic domain of Nafion membrane.  The CoFPC in the 
hydrophobic domain hardly affected the proton migration through the other domain.  As far 
as CoBPC/Nafion membrane, the proton conductivity was obviously decreased due to the 
weak localization of CoBPC in the hydrophobic domain of Nafion. 
 
5.4 Oxygen Enrichment through the Membranes 
The oxygen and nitrogen permeability coefficients of CoPC/Nafion membranes were 
measured changing the upstream gas pressure.  For pristine Nafion membrane, both the 
oxygen and nitrogen permeability coefficients were independent of the upstream pressure, and 
the (oxygen/nitrogen) permselectivity was 1.9.  For CoPC/Nafion membranes, the nitrogen 
permeability coefficient was also independent of the upstream pressure.  However, the 
oxygen permeability increased drastically in the lower upstream region (Fig. 5.3).  The 
oxygen/nitrogen permselectivity of CoPC/Nafion membranes was increased with CoPC 
content, and the value of CoFPC/Nafion was slightly higher than that of CoBPC/Nafion(Fig. 
5.3, inset), due to the difference on the distribution of CoPCs in the Nafion membrane.  In 
Figure 5.2.  Proton conductivity of the CoBPC- (○) CoFPC- (●) and CoFPP-loaded (♦) Nafion 
membranes at 25 
o
C.  RH = 100%. 
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the Nafion membrane, almost of the loaded CoFPC was “active” (defined as the CoPCs 
localized in the hydrophobic domain of Nafion), while the active CoBPC in the Nafion 
membrane was only 65% of total amount.  The permselectivity increased up to above 20 
with CoFPC/Nafion membrane. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
On the glassy carbon electrodes modified with CoPC/Nafion membranes, oxygen 
concentration would be enhanced by the oxygen-binding property of CoPCs.  Both the 
oxygen dissolution into the Nafion membrane from the atmosphere and the oxygen diffusion 
through the Nafion membrane would be facilitated by the CoPCs as a fixed oxygen carrier.  
The oxygen reduction current on the modified electrode was measured 
chronoamperometrically in acidic electrolyte (e. g. aqueous solution of HClO4).  The 
conventional Pt/C catalyst was employed to allow sufficiently rapid electron transfer for the 
oxygen reduction, allowing diffusion-limited reduction of oxygen at the electrode.  
Furthermore, as a sufficiently large overpotential for oxygen reduction, the potential was fixed 
at a value of -0.1 V (vs. Ag/AgCl).  The diffusion-limited behavior was demonstrated by the 
linearity of the Cottrell plots obtained for the reduction of oxygen.  The oxygen reduction 
current was recorded every 0.5 s after applying a potential pulse at E = -0.1 V vs. Ag/AgCl 
(Fig. 5.4).  For appropriate comparison between the modified electrodes, recorded reduction 
current was normalized by active surface area of Pt/C catalysts, which was calculated by the 
charge consumed for the oxidation of the adsorbed hydrogen in the cyclic voltammograms, 
assuming a value of 220 µC cm
-2
 for the oxidation of the adsorbed hydrogen on the Pt  
Figure 5.3.  Oxygen (closed plots) and nitrogen (open plots) permeability coefficients of Nafion (□) 
and CoFPC/Nafion (○) membranes at 25
o
C.  [CoFPC] = 20 wt%.  Inset: Correlation of 
permselectivity to CoPC content for CoBPC/Nafion (○) and CoFPC/Nafon (●) membranes. 
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surface
11
.  During the measurement, the i – t
-1/2
 (Cottrell) plots of all samples showed linear 
regions, which corresponded to the semiinfinite diffusion of oxygen in the membrane attached 
to the electrode. In the beginning of the measurement before the diffusion-limited region (t < 
1 s) a large non-faradaic current was observed.  Deviation from linearity was also obtained 
for electrolysis at the prolonged time of measurement (t > 20 s) which was ascribed  
to the effect of the finite diffusion of oxygen.  The slope of the Cottrell plot was 
expressed as nFACπ
-1/2
D
1/2
, which is including the oxygen diffusivity (D) through the 
membranes on the surface of electrode, and the local oxygen concentration (C) on the surface 
of electrodes.  For the Nafion membrane containing oxygen carrier, C and D would be 
higher than that of pristine Nafion.  However, with the CoBPC/Nafion-modified electrode, 
the slope was decreased from the value with Nafion-modified electrode.  Oxygen transport 
through the CoBPC/Nafion membrane was facilitated; however, proton conductivity of the 
CoBPC/Nafion membrane was obviously lower than that of Nafion membrane.  Reduction 
of one oxygen molecules consumes four protons, so that the insufficient proton conductivity 
would reduce the oxygen reduction current.  In the case of CoFPC/Nafion-modified 
electrode, the oxygen reduction current and the slope of Cottrell plot were enhanced above the 
CoBPC/Nafion-, pristine Nafion-, and although CoFPP/Nafion-modified electrode.  The 
result of gas permeability measurement revealed that enhancement of D through the 
CoFPC/Nafion membrane was greater than the CoFPP/Nafion.  Moreover, proton 
conductivity of CoFPC/Nafion membrane was also higher than CoFPP/Nafion.  These 
Figure 5.4.  Cottrell plot for the oxygen reduction on the modified glassy carbon electrodes after the 
application of a potential pulse at -0.1 V vs. SCE. The electrodes were coated with Nafion (○, dotted 
line), CoBPC/Nafion (□, solid line), CoFPC/Nafion (■, solid line) or CoFPP/Nafion (●, dashed line) 
membrane.  [CoP] in membranes = 10 wt%. The electrolyte solution was saturated with air. 
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advantages was reflected on the largest value of the slope of Cottrell plots among the oxygen 
carriers we have been reported.   
 
5.5 Experimental Part 
Materials 
2,9,16,23-Tetra-tert-butyl cobaltphthalocyanine (CoBPC) and meso-tetrakis 
(pentafluorophenyl) cobaltporphyrin (CoFPP) were prepared by reacting cobalt acetate with 
the corresponding phthalocyanine and porphyrin, respectively.
8,12
  -Benzylimidazole (BIm) 
purchased from Aldrich Co. and sublimated prior to use.  Nafion solution (5 wt% in an 8:2 
mixture of aliphatic alcohol and water, ion exchange capacity = 0.91 meq g
-1
, Aldrich Co.), 
other reagents and solvents were used as received.  A platinum-embedded carbon powder 
(Pt/C) was obtained from the Tanaka Kikinzoku Kogyo Co. 
 
Preparation of 2,3,9,10,16,17,23,24-octakis (2,2,3,3,3-pentafluoropropyloxy) cobalt 
phthalocyanine (CoFPC) 
The fluoroalkyl phthalonitrile precursor was prepared according to the previous report
10
 
by modify as follows.  4,5-Dichloro-1,2-phthalonitrile (890 mg, 4.5 mmol) and 
2,2,3,3,3-pentafluoropropanol (3.74 g, 25 mmol) were dissolved in dry DMF (30 mL).  
Potassium carbonate (3.44 g, 25 mmol) was added in the solution, and the solution was heated 
at 80
o
C for 12 h.  The reaction mixture was poured into ice water to give a yellow precipitate, 
which was dissolved in chloroform followed by washing with water.  The organic phase was 
collected and dried with sodium sulfate.  After the evaporation, the solid was recrystallized 
from hexane to yield 4,5-bis(2,2,3,3,3-pentafluoropropyloxy)-1,2- phthalonitrile as a colorless 
needle-like crystal. (1.49 g, 3.5 mmol, Yield: 77%.) mp 124-125
o
C. 
1
H NMR (CDCl3, 500 
MHz; ppm): δ 4.55 (t, 4H, -CF2CH2O-), 7.31 (d, 2H, Ph).  
13
C NMR (CDCl3, 125 MHz; 
ppm): δ 66.2, 111.6, 111.9, 114.5, 117.3, 119.1, 150.7.  IR (cm
-1
): 2233 (ν C-N). MS (FAB): 
Calcd for M
+
 424.2; found 424. 
The phthalonitrile (400 mg, 0.94 mmol) was dissolved in ,-dimethylaminoethanol (8 
mL), and cobalt (II) chloride hexahydrate (67 mg, 0.28 mmol) was added.  The solution was 
heated to 80
o
C for 1 h under argon, and was refluxed for 12 h after the addition of 
1,8-diazabicyclo[5.4.0]undec-7-ene (179 mg, 1.1 mmol).  The reaction mixture was poured 
into ice water, and the green precipitate was obtained by the filtration.  The greenish aqueous 
was extracted with ethyl acetate to additionally collect the green product.  The collected 
green powder was dissolved again in THF and precipitate in hexane to give 
2,3,9,10,16,17,23,24-octakis (2,2,3,3,3-pentafluoropropyloxy) cobaltphthalocyanine (CoFPC) 
as a blue powder (236 mg, 0.13 mmol, Yield: 57%). MS (m/z): Calcd. for M
+
 1755.0; found 
1755.  Anal. Calcd for C56H24N8F40O8Co: C, 38.3; H, 1.4; N, 6.4.  Found: C, 38.6; H, 1.7; 
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N, 6.3. 
 
Chemical Characterization 
1
H NMR and 
13
C NMR spectra were recorded using a JEOL Lambda 500 spectrometer.  
IR spectrum was recorded using a JASCO FT/IR-6100 spectrometer.  Mass spectrum was 
recorded using a JMS-SX102A spectrometer for fluoroalkyl phthalonitrile precursor, and 
Thermo Quest FINNIGAN LCQ DECA in the positive ion mode, electrospray ionization 
mass spectrometry, for CoFPC.  Glass transition temperature of the membrane was measured 
with a TA Instruments DSC Q200. 
 
Membrane preparation 
CoPC and -benzylimidazole (BIm) (molar ratio of CoPC/BIm = 1/2) were dissolved in 
THF, and the solution was mixed with the Nafion solution(5 wt% in an 8:2 mixture of 
aliphatic alcohol and water).  Concentration of CoPC in the Nafion membrane was tuned in 
the range of 5-20 wt%, and the Nafion concentration in the solution was 1.5 g l
-1
.  The 
solution was cast on a Teflon plate to give a blue, transparent, and free-standing membrane 
with ca. 30 µm thickness. 
 
Oxygen-binding measurement 
An ethyl acetate solution of CoPC (CoFPC or CoBPC) and BIm were mixed (molar ratio 
of CoPC/BIm = 1/10) for complexation at low temperature.  Spectroscopic change ascribed 
to the CoPC complexes was observed at the different partial oxygen pressure of 0-76 cmHg.  
The absorption spectra were monitored using a JASCO V-550 UV-vis spectrometer. 
 
Proton conductivity measurement 
Proton conductivity of the CoPC/Nafion membranes was measured using an Auto lab 
PGSTAT30 AC impedance analyzer (Eco Chemie Co.) over a frequency range from 1 Hz to 1 
MHz.  For the conductivity measurement, the membranes were formed on a gold disk by 
casting the THF solution of CoPC/Nafion.  After removal of the solvent, the membranes 
were immersed in distilled water for a day to reach a water-uptake equilibrium into the 
membranes. 
 
Gas permeability measurement 
Oxygen and nitrogen permeability of the CoPC/Nafion membranes were measured with a 
permeation apparatus.  Gas-flow rate was measured by applying different feed pressure of 
77-152 cmHg.  The membrane was formed by casting the solution on a porous 
polyacrylonitrile support membrane using a barcoater.  The membranes were obtained with 
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ca. 150 nm thickness, which was estimated from the cross-sectional SEM image. 
 
Electrochemical measurement of oxygen reduction current 
The glassy carbon coated with the Pt/C catalyst and the CoPC/Nafion membrane and a 
platinum mesh were used as the working and auxiliary electrode, respectively.  The coating 
procedure of glassy carbon was described in the previous paper.
1
  Ag/AgCl and an aqueous 
solution of HClO4 (0.1 M) were used as the reference electrode and the electrolyte, 
respectively.  The standard potential for the four-electron reduction of oxygen to H2O was 
1.03 V (vs. Ag/AgCl) under the acidic conditions
13
.  All measurements were carried out 
using a PARSTAT 2263 Advanced Electrochemical System (Princeton Applied Research Co.) 
using an RRDE-1 rotator (NIKKO KEISOKU Co.). 
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6.1 Conclusion 
In this thesis, the author described the design and preparation of a series of 
microphase-separated membranes containing oxygen carriers, and the effect of microstructure 
with the localization of oxygen carriers on the oxygen enrichment properties.  In this chapter, 
the characteristics of block copolymer membranes with oxygen carriers and important 
conclusions derived from the study was summarized. 
In chapter 2, the two types of poly(vinylpyridine) block copolymer was prepared by 
stepwise living radical polymerizations.  For the application of oxygen enrichment 
membrane in which the oxygen pathway would be formed, poly(vinylpyridine) segment was 
combined with high gas barrier and membrane-formable segments such as poly(methyl 
methacrylate) and poly(acrylonitrile-ran-styrene).  For the preparation of block copolymer, 
novel bifunctional initiator was synthesized by facile manner to overcome the limitation on 
the chemical structure of prepared block copolymers.  Characterization with 
1
H NMR 
spectroscopy, SEC, DOSY, and DSC supported the block copolymer formation and that 
polymerization proceeded in a living fashion. 
In chapter 3, the Cobaltporphyrin/block copolymer complex membranes were prepared.  
Characterization with TEM and DSC suggested the microphase-separation in the block 
copolymer complex membranes and the localization of cobaltporphyrins in 
poly(vinylpyridine) segment.  The block copolymer complex binds oxygen reversibly same 
as random copolymers.  With appropriate treatment for both the block copolymer 
membranes and substrates, the continuous microstructure at 30-50 nm intervals 
perpendicular to the substrate was achieved.  Comparing with the random copolymer 
complex membrane, the facilitation on oxygen transport through the block copolymer 
membrane, in which the lamellar structure parallel to the surface was formed, was slightly 
decreased.  However, it is considerable that the block copolymer membrane with continuous 
structure perpendicular to the surface will enhance the facilitated oxygen transport. 
In chapter 4, the Nafion membrane containing cobaltporphyrins as a fixed oxygen carrier 
was prepared.  In the Nafion membrane, the fluorinated CoFPP complex was located mainly 
in the hydrophobic domain, due to high affinity to the fluorocarbon backbone of Nafion. The 
incorporation of CoP in the hydrophobic domain of Nafion successfully maintained the 
overall proton conductivity of the membrane. The PO2 of the CoP-loaded Nafion membrane 
was increased with the decrease of the upstream pressure, while the PN2 of the membrane was 
independent of the pressure. These results indicated that the CoP complex fixed in the Nafion 
membrane facilitated the oxygen transport through the membrane. On the glassy carbon 
electrode modified with the Pt/C catalyst and the CoP-loaded Nafion membrane, the oxygen 
reduction current on the electrode was enhanced due to the increase in the oxygen 
concentration within the membrane and the oxygen diffusivity. These results also supported 
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that the CoP complex in the Nafion membrane acted as an oxygen enricher on the surface of 
catalyst at the cathode.  
In chapter 5, octakis fluoroalkoxy cobaltphthalocyanine (CoFPC) was synthesized as a 
new “fluorophilic” oxygen carrier.  The UV-vis spectrum of CoFPC complex indicated the 
reversible change ascribed to their oxygen binding.  In Nafion membrane almost of the 
loaded CoFPC was localized in the hydrophobic domain due to the high fluorophilicity of 
CoFPC, which maintained high proton conductivity of Nafion after CoFPC loading.  The 
result of gas permeability measurement and electrochemical reduction of oxygen on the 
modified electrode with CoFPC/Nafion membrane revealed that CoFPC acted as a fixed 
oxygen carrier and facilitated the oxygen transport through the Nafion membrane.  
Oxygen/nitrogen permselectivity was enhanced above 20 with CoFPC/Nafion, which was the 
highest value among the cobalt complex/Nafion membranes. 
A series of microphase-separated polymer membranes in which the oxygen carrier was 
localized in one domain of the membrane was designed and prepared.  As far as the 
cobaltporphyrin/poly(vinylpyridine) block copolymer complex membrane, the continuous 
“oxygen pathway” was formed with appropriate treatment for the membrane.  In the case of 
Nafion membrane containing oxygen carrier, multifunctional (proton conduction and oxygen 
enrichment) membrane was achieved.  The author revealed, for the first time, the potential of 
microphase-separated polymer membranes as highly efficient or multifunctional oxygen 
enrichment materials. 
 
6.2 Future Prospects 
Recently, microphase-separated polymeric materials have been focused widely for its 
great potentials as novel functional materials.  In this thesis, the author reveals the possibility 
of microphase-separated polymer membranes as efficient gas separation materials.  However, 
as mentioned in previous chapters, the fundamental investigation of the microphase-separated 
polymers, such as control and orientation of microstructures are still ongoing.  Moreover, 
from the view point of gas separation, there is still some matter for improvement of separation 
efficiency, transcending the Robeson’s upper limit.  Here, the author proposes the 
approaches to achieve the highly efficient gas separation materials applying 
microphase-separation. 
 
6.2.1 Gas separation membrane with mesogen-induced microstructures. 
In chapter 3, the author reveals about the orientation of microstructures in CoTPP/block 
copolymer complex membranes.  Finally, surface modification with crosslinking random 
copolymers was efficient for the vertical orientation of microstructures.  The method has an 
advantage on the wide applicability for any substrates.  However, the membrane preparation 
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process takes long time (almost one week) as follows; spin-coating, UV-irradiation, washing, 
casting of block copolymer complex membrane and solvent vapor annealing.  As far as 
spin-coating of the crosslinking random copolymer would be more difficult on the expansion 
of membrane area.  The new process should be proposed, which requires no underlayer for 
the orientation of microstructure.  The author proposed the mesogen-induced 
microphase-separation in poly(vinylpyridine).
1
  As shown in Fig. 6. 1, phenol derivatives 
containing “Rod-like” structure could form hydrogen-bonding with pyridine residue.  The 
phenol derivatives form the liquid crystal domain to induce the oriented microstructure in the 
poly(vinylpyridine) block copolymer. 
 
 
 
 
 
 
 
 
 
 
 
Generally, the molar ratio of mesogens to pyridine could be reduced to ca. 1/10.  Hence 
the remaining 90% of total pyridine residue can be axial ligand of cobaltporphyrins.  The 
method is also available for every substrate, and form microstructures without any underlayer.  
Considering the application for gas separation, there should be some effect of the underlayer 
even though the effect is quite small.  The method has capability of forming completely 
continuous oxygen pathway between two sides of the membrane.  Moreover, usage of 
mesogens with flexible alkyl chain, the liquid crystal phase could be a gas transport pathway.  
The mesogens containing aromatic amine residue could be also act as axial ligand of 
cobaltporphyrins.
2,3
 
 
6.2.2 High gas permeable membrane containing oxygen carriers in fixed intervals 
Recently, a number of oxygen enrichment membranes with oxygen carrier have been 
reported.  However, in the almost of report, oxygen carriers dispersed randomly in the 
polymer matrices.  In this thesis the author revealed about the localization of oxygen carrier 
in one segment of the microphase-separated membranes, however, the distances between 
oxygen carriers are not constant.  The author proposed that the polymers consisting of 
oxygen carrier itself and the other linker molecule would indicate higher oxygen enrichment 
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Figure 6. 1. poly(vinylpyridine) block copolymer with functional mesogenic phenol derivatives 
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efficiency, due to the high regularity on the distance between oxygen carriers. 
McKeown et al. reported the polymers of intrinsic microscopy consisting of 
metalloporphyrins or metallophthalocyanines.
4-6
  However, the applications of these 
polymers were limited to the catalytic use, due to their extremely low solubility in organic 
solvent limiting the processability.  The author proposes that the appropriate chemical 
modification of monomers could enhance the processability of polymers (Figure 6.2). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
6.2.3 Fluorophobic oxygen carriers for the fuel cell applications 
In chapter 4 and 5, the author described the preparation of Nafion membrane containing 
fluorinated oxygen carriers and its application for the direct oxygen enrichment at the cathode 
of polymer electrolyte fuel cells.  The highly fluorinated oxygen carrier tended to localize in 
the hydrophobic domain of Nafion, which results in the maintenance of high proton 
conductivity of Nafion and effective facilitation of oxygen transport through the membrane.  
However, the fluorinated cobaltphthalocyanine indicated the quite low oxygen-binding 
affinity.  It is reported that the oxygen-binding addinity of the cobaltphthalocyanines tends to 
be lower than that of cobaltporphyrins, due to the smaller size of center ring
8
.  Hence, the 
author proposes the highly-fluorinated cobaltporphyrins, which the structure is similar to 
“Picket-fence porphyrins”.
9
  Oxygen carriers substituted with fluorine atoms tended to 
indicate lower oxygen-binding affinity than the corresponding (hydrogen-substituted) oxygen 
carriers. However, the proposed cobaltporphyrins would indicate relatively high 
oxygen-binding affinity due to the picket-fence.  These cobaltporphyrins could localize in 
the hydrophobic domain of Nafion membrane, resulting in highly proton conductive oxygen 
enriching material. 
 
Figure 6. 2.  Chemical structure (a) and schematic image (b) of high gas permeability and 
processability of cobaltphthalocyanine-based polymeric material. 
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